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 Invasive winter annual grass (IWAGs) abundance has increased throughout much 
of the western United States, with serious consequences for biodiversity and ecosystem 
function. While a variety of tools have been used to control IWAGS, they often fail to 
achieve the goal of creating a self-sustaining native plant community. Therefore, a major 
goal of my thesis has been to explore and test restoration approaches that might help 
realize such plant communities. These approaches include ecologically based invasive 
plant management (EBIPM) and assisted succession. EBIPM is a holistic approach that 
aims to restore ecological functions damaged by IWAGs with a combination of 
restoration tools that remove the IWAGs and promote native growth. Assisted succession 
can be used to further restore the native plant community by dispersing fast growing 
native annual seed (instead of native perennial), forcing competition with invasive 
annuals. It is thought that native perennials should be able to more easily succeed 
following the native annuals that they evolved with rather than invasive annuals. Both 
approaches seek to increase community resistance to invasion, which should promote 
self-sustainability. Community resistance to invasion in western bunchgrass communities 
is also enhanced by the presence of biological soil crust (biocrust), which is the moss, 
lichen, algae, and cyanobacteria growing on the soil. Biocrust has been shown to prevent 
seeds from establishing by creating a barrier between the seed and the soil but has only 
been tested in arid areas. Much of the west, including Turnbull National Wildlife Refuge, 
where my study is focused, is in semiarid habitat, with nearly twice the rainfall. It is not 
known how biocrust affects IWAG invasion in such conditions, or even how biocrust 
responds to invasive species control techniques such as herbicide and fire. 
 v 
  I tested the effects of restoration techniques that control IWAGs, increase native 
species abundance, and promote community resistance to invasion on plant community 
and biocrust composition over a range of habitats in a Mima mound Prairie at Turnbull 
National Wildlife Refuge (TNWR). Mima mounds are discrete mounds of soils, 
surrounded by shallow intermound soils; mound size and intermound vegetation growth 
is dependent on substrate type. The restoration techniques included prescribed fire (fall 
burn), Outrider herbicide applied in late fall, and native annual and perennial seed 
addition (seeds added in winter). I further tested the effect of boot trampling on biocrust. 
Plants were sampled before and the first growing season after application. I found that 1) 
V. dubia increased 15-fold on mounds from 2009 to 2013, and where V. dubia was 
abundant, lichen cover was low but moss cover was high, 2) Outrider® herbicide was the 
most effective technique at reducing invasive species and had minimal impact on natives, 
on mounds; on intermounds native cover actually increased with herbicide, 3) Fire 
effectively increased native species cover on mounds but had little effect on intermounds; 
fire had little effect on invasive cover, 4) annual seed addition effectively increased 
native cover while perennial seed addition had little effect the first year, and 5) in 
intermounds areas where biocrust was abundant, treatments had little effect on the 
biocrust community or on exotic plant species. My results can be used to help land 
managers decide appropriate restoration approaches to increase community sustainability 
in semiarid regions, however long-term monitoring is needed to test whether these results 







Invasive winter annual grasses (IWAGs) can reduce soil nutrients and water 
availability, decrease native species and biological soil crust (biocrust; moss, lichens, 
algae, and cyanobacteria) cover and diversity, and increase fire frequency and intensity, 
all of which perpetuates further IWAG growth. When IWAG abundance is high, the 
natural succession of semiarid prairies alters to a self-perpetuating, IWAG dominated 
system with reduced ecological function than the natural prairie ecosystem.  
In natural prairie succession, biocrust stabilizes the bare soil, and is then followed 
by annuals, and finally perennial bunchgrasses with biocrust in the spaces between 
individuals. When intact, biocrust communities provide important ecological functions 
such as nitrogen fixation, erosion prevention, and limiting IWAG establishment by 
creating a barrier between the seed and the soil. However, biocrust (especially in arid 
regions) is extremely sensitive to disturbance and can take decades to recover, allowing 
IWAGs to establish.  Most biocrust research has been completed in arid regions, which 
experience less rainfall and hotter temperatures than semiarid regions. It is not known 
how biocrust responds to IWAGs or disturbance in semiarid regions.  
It is important to understand the interactions between IWAGs, native plants, 
biocrust, and restoration tools in semiarid regions if we hope to return to a more natural 
and ecologically functional prairie ecosystem. As IWAGs expand their ranges and 
population sizes throughout the west and into bunchgrass/biocrust communities, 
innovative and thoughtful approaches are needed to control invasives, restore natives, and 
increase resistance to invasion, thereby creating a self-sustaining ecosystem. Two such 
approaches are ecologically based invasive plant management (EBIPM) and assisted 
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succession, which I used for this study, and which are described in chapter 2. I applied 
these approaches in the semiarid Mima mound prairie at Turnbull National Wildlife 
Refuge. 
The Mima mound prairie at Turnbull National Wildlife Refuge (TNWR) has 
experienced an influx of IWAGs over the last decade. Mima mounds are discrete mounds 
of soil over alluvial gravel or basalt bedrock substrate. The intermounds areas over basalt 
bedrock have extremely shallow soils with well-developed biocrust communities. Brandy 
Reynecke’s thesis (EWU 2012) and Jessica Bryant’s McNair study (Bryant et al. 2012) 
documented an abundance of IWAGs and native species on basalt and alluvial Mima 
mounds in 2008-2009. However, anecdotally, there appeared to have been a substantial 
increase in the IWAG, Ventenata dubia, in the intermounds areas, which caused the 
community to change from biocrust to dense IWAG cover. Refuge Managers, 
particularly Mike Rule, would like to restore the Mima mound prairie to a native, 
sustainable plant community, which has inspired (and funded) this research.    
My primary research goals were to develop an approach to restore the Mima 
Mound Prairie at Turnbull National Wildlife Refuge to a self-sustainable native plant 
community. In doing so, I wanted to address the gap in biocrust research in semi-arid 
regions, determine how disturbance caused by restoration affects biocrust, and determine 
whether the rapid change in IWAG abundance over the past four years is related to 
biocrust. To meet these goals, I conducted a three-part study, with each part represented 
by one of the three chapters of my thesis. Each chapter was written as separate, stand-
alone paper to facilitate publication in peer-review journals. The three chapters include: 
1) Ventenata (Ventenata dubia) invasion in an eastern WA Mima mound prairie, 2) 
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Prescribed fire, herbicide, and annual seed addition used to increase community 
resistance to invasion, and 3) The effects of fire, herbicide, and human trampling on 
semiarid biological soil crust and the invasive annual grass Ventenata dubia. In Chapter 1 
I discuss the population explosion of Ventenata dubia at TNWR from 2009 to 2013 and 
how its abundance compares to similar IWAGs and biocrust through out the prairie. This 
chapter has been formatted for the journal, Weed Science, where it has been submitted for 
publication. In Chapter 2, I analyzed the effects of fire, herbicide, and native annual and 
perennial seed addition (assisted succession) on the native and invasive plant 
communities growing on Mima mounds. In Chapter 3, I tested how basalt intermound 
biocrust and vascular plant communities responded to fire, herbicide, and trampling.  
 It is my hope that my findings will assist Turnbull National Wildlife Refuge 
managers in developing a long-term, integrated plan that will restore a self-sustaining 
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Ventenata (Ventenata dubia) invasion in an eastern WA Mima mound prairie 
 
Abstract 
Invasive winter annual grasses (IWAGs), such as ventenata and downy brome, threaten 
western United States ecosystems and reduce forage. While downy brome has been 
extensively studied, ventenata is less known although its population appears to be rapidly 
expanding into previously IWAG resistant habitat. In arid habitats, intact biological soil 
crust (biocrust) can increase IWAG resistance. However, biocrust patches also exist in 
semiarid habitats, such as the Inland Northwest, USA, where their effects on IWAGs are 
less understood. Biocrusts’ effects on ventenata are unknown and there has been little 
formal documentation of ventenata’s spread. Consequently, my goals were to: 1) 
document changes in ventenata’s population size (and other IWAGs), 2) determine how 
IWAG invasion relates to biocrust abundance and composition, and 3) determine habitat 
characteristics related to IWAG susceptibility in a semiarid Mima mound prairie at 
Turnbull National Wildlife Refuge (TNWR) in Cheney, WA. Mima mounds are soil 
aggregations underlain by basalt bedrock or alluvial gravel interspersed by intermounds 
with shallow soil and biocrust. I recorded changes in vascular plant species composition 
and IWAG stem counts in 1 m
2
 plots in 2009, 2012, and 2013. Plots were randomly 
stratified among basalt mounds, alluvial mounds, and basalt intermounds. Biocrust 
composition and cover were recorded in 2012. From 2009 to 2013 ventenata abundance 
increased 15-fold on mounds, while other IWAGs did not change. The highest cover of 
ventenata and biocrust was on basalt intermounds, where other IWAGs were rare. On 
intermounds, biocrust diversity and lichen cover were negatively related to ventenata 
cover, but not moss cover. Before ventenata invasion, basalt intermounds were dominated 
 2 
by biocrust with little vascular plant growth, despite the presence of downy brome and 
other IWAGs. But it appears that ventenata has been able to enter this niche and could 









Invasive winter annual grasses (IWAGs) are a major threat to biodiversity in the 
western United States; they replace native plants, limit biological soil crust (biocrust) 
growth, and negatively affect wildlife, thus altering ecosystem structure and function 
(D'Antonio and Vitousek 1992, Beckstead and Augspurger 2004, Davies and Sheley 
2007). IWAGs can keep prairie ecosystems in an early successional stage by altering 
factors like fire frequency and intensity (Kerns et al. 2006), water (White et al. 2006) and 
soil nitrogen availability (James 2008a), and herbivory (Hill et al. 2005), thereby 
promoting IWAG growth while suppressing native species less tolerant to the new 
environmental conditions (Brown et al. 2008). For example, downy brome (Bromus 
tectorum) is well known for forming vast monotypic stands that increase fire 
frequency/intensity and reduce soil nitrogen levels (Link et al. 2006, Vasquez et al. 
2008a). Other threatening IWAGs include ventenata (Ventenata dubia), field brome 
(Bromus arvensis), hairy chess (Bromus commutatus), Australian brome (Bromus 
arenarius), and medusa head (Taeniatherum caput-medusae), among others. The goals of 
this study were to document changes in IWAG abundance, particularly ventenata, and 
determine how IWAG invasion relates to biocrust distribution, soil depth and substrate 
type in a semiarid prairie habitat. 
Efforts to manage IWAG invasion in natural systems, particularly in arid 
sagebrush steppe habitat, have focused in part on preventing IWAG establishment in the 
first place, by maintaining healthy biocrust (Prasse and Bornkamm 2000, Root and 
McCune 2011) and perennial bunchgrass communities (Beckstead and Augspurger 
2004). Maintaining a native dominated system can slow IWAG invasion, particularly for 
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downy brome (Ponzetti et al. 2007, Vasquez et al. 2008a), but their effect on ventenata is 
unknown. Intact biocrust communities, which are comprised of cyanobacteria, algae, 
mosses, and lichens that grow on soil, are common in the semiarid/arid regions of the 
western United States. Biocrust communities can fix nitrogen, prevent seedling 
establishment, retain soil moisture, reduce wind and water erosion (Maestre et al. 2006, 
Ponzetti et al. 2007), reduce wildfire risk (Belnap 2003, Link et al. 2006), and indicate 
environmental conditions, such as pollution and disturbance intensity (Ponzetti et al., 
2007, Eldridge 2000). Biocrust community structure is highly influenced by vascular 
plant presence, the intensity and frequency of disturbances, precipitation, temperature, 
and soil quality (Ponzetti et al. 2007, Chamizo et al. 2011). Vascular plants alone can 
have a significant effect on microhabitats and consequently the biocrust species present 
(Belnap 2003, Root et al. 2011). For instance, severe shading from dense vascular plant 
growth can reduce the abundance of lichen (Cornelissen et al. 2001) and bryophyte 
communities (Ponzetti et al. 2007).  
Numerous studies have focused on the interactions between IWAGs and biocrust 
in arid sagebrush steppe habitats (Prasse and Bornkamm 2000, Belnap 2003, Ponzetti et 
al. 2007, O’Bryan et al. 2009), however there have been relatively few studies in semiarid 
regions (Root et al. 2011, Root and McCune 2011) that experience higher annual rainfall 
than arid habitats (Schwinning et al. 2004). In the semiarid Channeled Scablands of 
eastern Washington, which receive around 430 mm of rain per year, IWAGs are 
abundant, even in areas with extensive biocrust cover. This is a concern because subtle 
variations in rainfall and biocrust abundance can be driving factors in IWAG invasion 
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and thereby influence the management strategy needed. One IWAG that appears to be 
rapidly increasing its population size and distribution is ventenata. 
Ventenata is a winter annual grass with similarities to other infamous IWAGs, 
such as downy brome and medusahead. Ventenata is native to Mediterranean Europe and 
Africa, and prefers shallow rocky soils that flood in spring. Since it was first documented 
in 1956, ventenata has spread from Kootenai County, ID (Northam and Callihan 1994) to 
most western states and several northeastern states of the United States and southern 
Canada (USDA 2008). Like other IWAGs, ventenata senesces in early summer, 
providing no foraging or grazing benefits beyond this time. Although its presence has 
been noted for decades (Northam et al. 1993, Gray and Lichthardt 2003, James 2008a, 
Vasquez et al. 2008b), to date very little has been published on its phenology, 
morphology, or effects on neighboring species and wildlife. 
Along with downy brome, ventenata has been compared to the IWAG, 
medusahead, which initially established in the late 1800’s in heavy clay soils where few 
native species could grow (Young and Evans 1970). Since then medusahead population 
has expanded and has proven capable of outcompeting the aggressive downy brome when 
soil moisture is abundant (Young 1992). Along with their shared ability to thrive in 
seemingly undesirable areas, another suggested similarity between ventenata and 
medusahead is silica content (Prather and Steele 2009); medusahead has a silica content 
that is about 10% higher than other IWAGs (Young 1992), which contributes to its slow 
decomposition and deterrence to grazers (Young and Mangold 2008). If ventenata also 
has higher silica content, it could explain why it provides little forage for wildlife and 
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livestock, results in quick litter accumulation, and effectively perpetuates its own growth 
by altering the trophic dynamics of the ecosystem. 
One area in particular that is experiencing a rapid increase of ventenata is the 
Channeled Scablands of eastern Washington (personal observation). The Channeled 
Scablands were formed by the Lake Missoula floods about 20,000 years ago, creating 
four main tracts, the largest of which is the Cheney-Palouse River tract, about 20 miles 
southwest of Spokane, Washington (Bretz 1928). This area is generally comprised of 
shallow soils intermixed with patches of deeper soil underlain by basalt bedrock. Typical 
Channeled Scabland features include Mima mounds (Berg 1990), also referred to as 
pimple mounds, biscuit swale formations, and hog wallows (Washburn 1988). Mima 
mounds are aggregations of fine loess up to 2 m tall and 30 m in diameter surrounded by 
intermound areas of shallow soil. Soil depths of both the mounds and intermounds are 
strongly influenced by the underlying substrate (Del Moral and Deardorff 1976), which 
in eastern Washington tends to be either basalt bedrock or alluvial gravels (Bretz 1928). 
Mounds underlain by basalt consist of fine loess on basalt bedrock with shallow rocky 
intermound areas that often form vernal wetlands or biocrust. Mounds underlain by 
alluvial are comprised of deeper re-deposited sediments and fine loess over basalt 
bedrock. These mounds are often smaller than basalt underlain mounds due to deeper 
intermound soils (Washburn 1988). The variations in soil depth and substrate allow for a 
highly diverse native prairie flora intermixed with biocrust communities in these semiarid 
Mima mound habitats. In this article, I refer to mounds and intermounds underlain by 
basalt as basalt mounds and basalt intermounds and mounds and intermounds underlain 
by alluvial gravels over basalt bedrock as alluvial mounds and alluvial intermounds. 
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In many places, Channeled Scablands habitat has been altered by grazing, 
agriculture, or development, but some of the best remaining examples can be found at 
Turnbull National Wildlife Refuge (TNWR; Figure 1), 5 miles south of Cheney, 
Washington. Grazing was banned on the refuge in 1993, and it has since experienced 
minimal human disturbance, creating an ideal location to study natural plant 
communities. The area surrounding TNWR includes farmland, rangeland, and remnant 
Palouse Prairie; all, except agriculture fields, contain Mima mound prairies with the 
native flora and biocrust. 
Ventenata was first reported at TNWR in 1990 and despite refuge managers’ 
efforts to eliminate human disturbance there has been a noticeable increase in ventenata 
abundance at TNWR and throughout semiarid regions of the Inland Northwest, even on 
biocrust dominated areas that had previously remained impervious to invasion by 
IWAGS. The conversion of these native communities and biocrust to ventenata 
dominated monocultures will likely negatively impact plant and wildlife biodiversity at 
the refuge and in the surrounding areas (James 2008a, Vasquez et al. 2008a). 
Understanding how, where and why ventenata is increasing, and why biocrust is no 
longer offering any resistance would enable land managers at TNWR and areas 
throughout the semiarid regions of the west to better manage and control this invasion. 
Consequently, the three goals of this study were to 1) document changes in IWAG 
abundance, particularly ventenata, on the Mima mound prairie at TNWR, 2) identify the 
characteristics of sites that are most susceptible to invasion, and 3) determine how IWAG 
abundance relates to biocrust abundance and distribution. I predicted an increase in 
ventenata abundance between 2009 to 2013, while the abundance of other IWAGs 
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remained relatively consistent. I also predicted that ventenata and biocrust abundance 
would be higher on the basalt intermounds than on mounds, but biocrust abundance will 
be negatively correlated with ventenata abundance. 
Materials and Methods 
Study Site 
 TNWR covers approximately 18,217 acres encompassing several distinct habitats 
including Mima mound prairie, ponderosa pine forest, wetlands, and riparian areas and is 
surrounded by rangeland and agricultural fields. The Mima mound prairie remnants cover 
about 1,270 acres and include both alluvial gravel and basalt substrates. The climate is 
semiarid with an average annual rainfall of 432 mm (17 in) and an average annual 
temperature of 48° F. My study site was in a 380-acre portion of the Mima mound prairie 
located in the Stubble Field Tract and Public Use Area (47.40N, -117.52W; Figure 1).  
Study Design 
To assess changes in IWAG abundance from 2009 to 2013, 22 1-m
2
 plots were 
established in 2009 (6 on alluvial mounds, and 16 on basalt mounds) and resurveyed in 
2012 and 2013. For each plot, I recorded underlying substrate type (alluvial or basalt), 
vascular plant species composition and percent cover, IWAG stem count for a 0.04 m
2
 
area on the southeast corner of the plot, and soil depth (at 2 corners of the plot). Vascular 
plants were identified to species using the Flora of the Pacific Northwest (Hitchcock and 
Cronquist 1973) and nomenclature was updated where necessary using the Integrated 
Taxonomic Information System (www.ITIS.gov). 
To better determine how IWAG abundance relates to plant community 
composition and biocrust distribution, I added an additional 177, 1 m
2
 plots in 2012 for a 
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total of 199 plots, this time including intermound areas (57 on basalt mounds, 90 on 
basalt intermounds and 52 on alluvial mounds). Alluvial intermounds were not surveyed. 
Along with the previously described vascular plant assessment, I also recorded biocrust 
composition and percent cover, as well as bare soil and litter percent cover. Biocrust 
composition classes included six lichen morphology categories and two moss 
morphology categories. Lichen morphology categories were crustose, areolate, 
gelatinous, squamulose, foliose, and fruticose. Each lichen morphology category was 
further assessed by color (white, light and dark green, red, black, light and dark brown, 
grey, orange, and yellow). The two moss morphology categories were characterized as 
tall or short (Table 5; Rosentreter et al. 2007).  
The survey period was June and July for all three years. To control for 
phenological affects over the survey period (during which time plants were gradually 
desiccating), plots in different substrate types and locations were randomly sampled over 
the survey duration.  
Data Analysis 
Data analyses were performed only for IWAG species (including ventenata, 
downy brome, and hairy chess) present in greater than 45% of the plots. Other IWAG 
species were either very infrequent or had very low cover. To test whether stem counts of 
these species increased from 2009 to 2013 across the different substrates, I performed 
repeated measures analyses (one for each species) using a spatial power law covariance 
structure (SP(POW); PROC MIXED, SAS 9.3 software; SAS Institute Inc. 2011). This 
covariance structure was selected because the sampling years were unequally spaced 
(Littell et al., 2002). To test whether ventenata increased more than the other two species 
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over time, I used a general linear model (PROC GLM in SAS) comparing change in stem 
count from 2009-2013 among the three species. To test whether percent cover of 
ventenata, downy brome, and biocrust varied across the three plot types (basalt mound, 
alluvial mound, basalt intermound) based on the 199 plots from 2012 in which biocrust 
was assessed, I used a general linear model (PROC GLM in SAS). I present percent 
cover data for the plant species because it was assessed at the same scale (1 m
2
) as 
biocrust; however stem count data, which was assessed at a smaller scale, yielded the 
same results.   
Data were tested for normality and homoscedasticity and transformed as 
necessary using Box-Cox transformations for stem count data and arcsine-square root 
transformations for percent cover variables.  
I assessed patterns in vascular plant species composition related to substrate, soil 
depth, and percent cover of litter, bare soil, rock, total biocrust, ventenata, total moss, and 
total lichen with nonmetric multidimensional scaling (NMS) ordination using PC-Ord 
software (MjM Software Design 2006). A second NMS ordination was used to analyze 
the patterns in biocrust morphology composition in the basalt intermound areas; 
ordination axes were then related to the variables stated above (except substrate), as well 
as biocrust diversity (calculated using the Shannon diversity index) and total cover of tall 
moss, short moss, and squamulose white lichen (the three most abundant biocrust 
morphology categories). Other than ventenata, IWAGs were not compared to biocrust 
composition because of their extremely low abundance in the basalt intermounds. For 
both NMS ordinations, I used a Relative Sorensen distance measurement, Varimax 
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rotation with 50 runs on the real data, 15 iterations to evaluate stability, a stability criteria 
of 0.00001, an initial step length of 0.2 and a maximum of 250 iterations. 
To further analyze the relationship between ventenata, biocrust diversity, and the 
three most prominent biocrust morphological classes (tall moss, short moss, and 
squamulose white lichen), I used a series of regressions (PROC REG in SAS) to test the 
effects of biocrust diversity and the percent cover of each biocrust morphology type on 
ventenata percent cover. All data, except biocrust diversity, were arcsine square root 
transformed to improve normality. 
Results and Discussion 
Despite its broad geographic range, the invasive tendencies of ventenata have 
received relatively little attention, likely because its abundance has remained low 
compared to other IWAGs. However, this is no longer the case at TNWR, where from 
2009 to 2013, ventenata stem count increased about 15-fold from 3.25 to 47.4 stems per 
0.04 m
2 
on alluvial and basalt mound plots, while downy brome and hairy chess, the other 
most common IWAGs, stem counts, remained consistent (Figure 2; Table 1-2). Final 
lambda values for Box-Cox transformations were 0.25 for both ventenata and downy 
brome and 0 for hairy chess. The transformations improved distributions, however due to 
the presence of large numbers of zero values, some of the data were still not normally 
distributed. Ventenata was present across all plot types in 2012, however it was almost 
five times more abundant on basalt intermound plots, whereas both downy brome and 
hairy chess were nearly absent (Figure 3; Table 3). Ventenata makes up on average 
95.2% of all IWAG cover in basalt intermound plots. This is of particular concern 
because it suggests that ventenata has managed to invade a habitat that was once 
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relatively free of IWAGs and is where biocrust tends to be most abundant (Figure 3; 
Table 3). 
Basalt intermound areas, with their shallow soils and extremes of wet and dry 
conditions, provide a unique habitat that is well suited for biocrust and highly adapted 
native plants. Biocrust was 12 times more abundant on basalt intermounds (Table 3; 
Figure 4) than both basalt and alluvial mounds with a mean percent cover of 73.05% per 
plot, with 49.68% moss cover and 7.99% lichen cover. In 2012, forty-four vascular plant 
species were identified in basalt intermound plots with an average percent cover (totaled 
over all species) of 81.37% per plot, of which ventenata comprised 66.66%. It is not clear 
how ventenata presence is affecting other IWAGs and biocrust, but it appears to have 
been able to fill a niche that was not filled by other IWAGs in the past. 
Species composition in basalt intermound plots was relatively consistent 
compared to basalt and alluvial mound plots as revealed by NMS ordination. Species 
composition, total biocrust cover (axis 1 r
2
=0.336; axis 2 r
2
=0.419; Figure 4), and 
ventenata cover (axis 1 r
2
=0.479; axis 2 r
2
=0.597; Figure 4) were positively related on the 
basalt intermounds. From this, I infer that biocrust and ventenata have similar habitat 
preferences of shallow soils and the capacity to withstand the moisture extremes of basalt 
intermound areas. Species composition on basalt and alluvial mound plots was 
overlapping, and on both was strongly correlated with soil depth (axis 1 r
2
=0.360; axis 2 
r
2
=0.585; 2-Dimensional; final stress=19.581; final instability=0.00179; Figure 4). In 
deeper soils, prickly lettuce (Lactuca serriola; axis 2 r
2
=0.221), common yarrow 
(Achillea millefolium; axis 1 r
2
=0.239), and downy brome (axis 2 r
2
=0.193) tended to 
dominate, while there was more ventenata (axis 2 r
2
=0.597) in shallow soils. In general it 
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appeared that plant communities on basalt mounds tended to be less uniform than on the 
alluvial mounds, but species composition on both mound types is different than basalt 
intermounds species composition, which was dominated by ventenata.  
Basalt intermound biocrust community composition (n=90; biocrust groups=38) 
was correlated with total cover of ventenata (axis 1 r
2
=0.268), litter (axis 1 r
2
=0.381), tall 
moss (axis 1 r
2
=0.493), short moss (axis 2 r
2
=0.222), squamulose white lichen (axis 1 
r
2
=0.605), and biocrust diversity (axis 1 r
2
=0.317) per the NMS biocrust ordination (2-
Dimensional; final stress=13.430; final instability=0.00003; Figure 5). Both litter cover 
and ventenata cover have a strong and similar relationship with species composition, 
implying that tall moss is currently able to grow with ventenata. However, I did not find a 
positive relationship between tall moss and ventenata when compared independently with 
regression (Figure 6a; Table 4). Currently, the tall moss is most likely benefiting from the 
shade and litter produced by living ventenata, which may serve to increase soil moisture 
retention, but it is unclear how tall moss abundance changed after ventenata invaded or 
how the bryophyte community will respond as ventenata abundance increases. I suspect 
that increasing litter depth will overwhelm the bryophyte community causing it to decline 
like other biocrust species (Ponzetti et al. 2007).  
Conversely short moss cover shares a strong relationship with ordination axis 2, 
compared to ventenata’s relationship with axis 1, suggesting that short moss and 
ventenata are driven by different factors (Figure 5).  When compared independently with 
regression, there is no relationship between short moss cover and ventenata cover (Figure 
6b; Table 4). The plots farthest from those with an association with high ventenata cover, 
share a relationship with high biocrust diversity and squamulose white lichen cover 
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(Figure 5). From this I can conclude that with high ventenata cover there is lower biocrust 
diversity, as well as low squamulose white lichen cover (the most abundant lichen 
morphology type). When analyzed independently with regression, total lichen cover, 
squamulose white cover, and biocrust diversity are all negatively correlated with 
ventenata cover (Figure 6c, d, and e; Table 4). 
The current negative relationship between ventenata and most of the biocrust 
community is alarming; anecdotal observations from 2009 suggest the basalt intermound 
communities then were primarily biocrust despite the presence of several aggressive and 
highly competitive IWAGs, (i.e. downy brome) on the adjacent mounds. If ventenata 
cover continues to increase, it may lead to loss of the biocrust community, and alter the 
ecosystem as a whole through changes to nutrient, water, and space availability (Rimer 
and Evans 2006), soil composition (DiTomaso 2000, Brown et al. 2008), increased 
biomass and litter (Facelli and Pickett 1991). Many native vascular and non-vascular 
plant species are susceptible to the altered environmental factors, which may explain the 
reduction in lichens and native plant species where high ventenata cover is predominant, 
which is consistent with other IWAG studies (Young et al. 1987, Ridenour and Callaway 
2001, Cox and Anderson 2004, Maestre et al. 2005, Martínez et al. 2006). In addition to 
the effects of direct competition between living ventenata and biocrust, I suspect that the 
litter produced by high ventenata cover is drastically changing microhabitats by altering 
soil temperature and shade (Facelli and Pickett 1991), which may result in further 
declines of biocrust and native plants. 
It is unclear why ventenata has been so successful at TNWR, or why its 
population exploded when it did, especially given the presence of intact biocrust 
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communities, which typically slow establishment of other IWAG species (Prasse and 
Bornkamm 2000, Ponzetti et al. 2007, Root and McCune 2011). Possible factors that 
could have affected the relationship between ventenata and intact biocrust include: 1) 
ventenata has a relatively high silica content (Prather and Steele 2009), thereby reducing 
forage and decomposition (Massey and Hartley 2006), giving it a competitive advantage 
over species favored by herbivores, 2) with low decomposition rates the increased litter 
layer may increase shade, thereby reducing biocrust abundance and diversity, by 
increasing soil moisture and temperature, potentially favoring its own growth (Evans and 
Young 1970; Facelli and Pickett 1991), 3) biocrust may not be able to compete against 
ventenata in particular due to an unknown allelopathy (Ridenour and Callaway 2001; 
Levine et al., 2003), 4) the higher rainfall levels of semiarid regions may render biocrust 
less effective at inhibiting invasion (Belnap et al., 2001), 5) other IWAG species have 
larger root systems (e.g. 91 cm for downy brome; Hironaka 1961) that the shallow basalt 
intermound soils (0-19.5 cm) cannot support.  Ventenata has smaller root length and 
biomass (James 2008a), and is not limited by low water availability when it is most active 
due to the dependable vernal flooding of the basalt intermounds, or 6) some combination 
of these factors. Future research should seek to determine why ventenata populations 
have expanded so quickly, and evaluate the relationship between ventenata and biocrust 
species individually and as a community. 
IWAG growth has been increasing throughout western United States for decades 
but the rate of ventenata increase at TNWR, where human impact is minimal, is alarming 
and will not be contained to refuge boundaries; surrounding areas with extensive human 
disturbance may see an even larger expansion of ventenata, considering it appears that 
 16 
ventenata has found its preferred habitat on basalt intermounds: shallow, rocky, spring 
inundated soils, which is a common habitat in the semiarid west. Potential areas impacted 
by the spread of ventenata are economically important (farm and rangeland) and rare 
(Palouse Prairie and Channeled Scablands). If ventenata expands into these areas their 





Chapter 1 Figures 
Figure 1 Location of study area at Turnbull National Wildlife Refuge (TNWR) in 
Cheney, WA and its location within Washington State. 
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Figure 2 Mean stem counts of IWAGs found in a 0.04 m
2
 corner of alluvial and basalt 
mound plots from 2009, 2012, and 2013. Statistical inferences are based on Box-Cox 




































Figure 3 Mean percent cover of ventenata, downy brome, and biocrust in all plot types in 
2012: alluvial mound plots (AL), basalt mound plots (BA), and basalt intermound plots 
(IN). All statistical inferences are based on arcsine-square root transformed data. Error 





Figure 4 NMS, joint plot Ordination of the 2012 plant communities. Each triangle 
represents an individual plot; distance between triangles represents similarity of species 
composition among plots. The ordination axes were correlated to substrate, soil depth, 
and percent cover of litter, bare soil, rock, total biocrust, ventenata, total moss, and total 
lichen. Those with Pearson correlations greater than 0.2 are shown as vectors; the length 
of the vector lines indicates the strength of the correlation. Alluvial mound plots (AL), 
basalt mound plots (BA), and basalt intermound plots (IN) are indicated by light gray 




Figure 5 NMS, joint plot Ordination of the 2012 biocrust communities on basalt 
intermound plots. The ordination scores were then correlated to soil depth and percent 
cover of litter, bare soil, rock, total biocrust, ventenata, total moss, total lichen, tall moss, 
short moss and squamulose white lichen.  Those with Pearson correlations greater than 
0.2 are shown as vectors; the length of the vector lines indicates the strength of the 
correlation.   
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Figure 6 Relationship of (a) tall moss, (b) short moss, (c) total lichen cover, (d) 
squamulose white lichen percent cover, and (e) biocrust diversity to ventenata percent 
cover over 1 m
2


































Chapter 1 Tables 
Table 1 Summary of F-values from the repeated measures analyses to determine how 
ventenata, downy brome and hairy chess respective stem counts varied with year, 
substrate, and interaction effects of year and substrate. Significant values are indicated in 
bold. 
 Year Substrate Year*Substrate 
 F (numDF, denDF) P F (numDF, denDF) P F (numDF, denDF) P 
Ventenata 10.82(2,40) 0.0002 0.69(1,23.1) 0.4161 3.13(2,40) 0.0544 
Downy 
Brome 0.29(2,24) 0.7524 0.43(1,20) 0.5189 1.25(2,24) 0.3048 
Hairy 




















Table 2 Summary of F-values from a general linear model comparing change in 
ventenata, downy brome and hairy chess stem count from 2009-2013 and how they 
varied among substrate type. Significant values are indicated in bold.  
 Species  Substrate Species*Substrate 
 F (DF) P F (DF) P F (DF) P 
Stem Count 
Change 




Table 3 Summary of F-values from a general linear model analyzing ventenata, downy 
brome and hairy chess 2012 percent cover and how they varied among substrate type. 
Significant values are indicated in bold. 
Species F (DF) P 
Ventenata 125.46(2) <0.0001 
Downy Brome 40.86(2) <0.0001 










Table 4 Regression of tall moss, short moss, total lichen, and squamulose white lichen 
percent cover and biocrust diversity compared to ventenata cover in 1 m
2
 plots. 
 Dependent Variable=Ventenata Cover 
Independent 
Variable 
DF SS F P R
2 
Tall Moss  1 0.0023 3.51 0.0644 3.83% 
Short Moss 1 0.0017 2.53 0.1152 2.80% 
Total Lichen 1 5.55 77.10 <0.0001 46.98% 
Squamulose 
White 
1 4.21 43.62 <0.0001 33.14% 
Biocrust 
Diversity 
1 1.75 14.06 0.0003 13.78% 
Table 5 All vascular plant species, lichen morphology groups, and moss morphology 
groups recorded in 2009, 2012, and 2013 and the plot types (alluvial mound, basalt 









Achillea millefolium X X X 
Acmispon americanus X X X 
Acmispon denticulatus X X X 
Agoseris grandiflora X X X 
Agoseris heterophylla X X X 
Allium columbianum X X X 
Amsinkia menzesii X X X 
Apera interrupta X X X 
Balsamorhiza sagittata  X  
Blepharipappus scaber X X X 
Bromus arenarius X X X 
Bromus arvensis X X X 
Bromus commutatus X X X 
Bromus secalinus X X  
Bromus tectorum X X X 
Buglossoides arvensis X X  
Camassia quamash X X X 
Centaurea solstitialis X   
Cirsium sp X   
Clarkia pulchella X X X 
Claytonia exigua X X  
Collinsia parviflora X X  
Collomia linearis X X X 
Convolvulus arvensis X   
Danthonia intermedia   X 
Descurainia incisa  X  
Delphinium nuttallianum  X  
Draba verna  X  
Elymus elymoides X X X 
Epilobium brachycarpum X X X 
Eriogonum heracleoides X X X 
Festuca idahoensis X X  
Frittillaria pudica   X 
Gaillardia aristata  X  
Galium aparine X X  
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Geranium viscosissimum  X  
Geum triflorum  X  
Holosteum umbellatum X X X 
Hypericum perforatum  X  
Idahoa scapigera   X 
Lactuca pulchella  X  
Lactuca serriola X X X 
Lagophylla ramosissima X X X 
Lewisia rediviva   X 
Linaria dalmatica X X  
Linum usitatissimum X   
Lomatium ambiguum X X X 
Lomatium macrocarpum   X 
Lomatium triternatum X X X 
Lupinus sericeus X X X 
Madia gracilis X X X 
Microsteris gracilis X X X 
Myosotis stricta X X X 
Perideridia gairdneri  X X 
Poa bulbosa X X X 
Poa Protensis  X  
Poa secunda X X X 
Polemonium micranthum X X  
Polygonum douglasii X X X 
Polygonum polygaloides   X 
Potentilla argentea X X  
Pseudoroegneria spicata  X X 
Rosa woodsii  X  
Sedum lanceolatum   X 
Sisymbrium atlissimum X X  
Tragopogon dubius X X X 
Turritis glabra  X  
Ventenata dubia X X X 
Veronica peregrina X X X 
Vicia cracca X X X 
 
Lichen Morphology 
   
Crustose X X X 
Areolate   X 
Gelatinous  X X 
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Squamulose  X X 
Foliose  X X 
Fruticose   X 
 
Moss Morphology 
   
Tall X X X 




















Prescribed fire, herbicide, and annual seed addition used to increase community 
resistance to invasion 
 
Abstract 
The threat of invasive winter annual grasses (IWAGs) in the west has forced land 
managers to use aggressive restoration tools (i.e. prescribed fire, herbicide, and 
biocontrols), but they can both help or harm native species. To further increase native 
cover, native annual seed can be dispersed instead of native perennial seed to assist native 
succession to a later stage. My objective was to determine the most effective approach to 
restore the native plant communities to the Mima mound prairie at Turnbull National 
Wildlife Refuge (TNWR; see description in chapter 1). In 2012, 107 1 m
2
 plots on both 
basalt and alluvial mounds, were treated with prescribed fire (October/November), 
Outrider® herbicide (late November), and/or native annual seed alone or mixed with 
native perennial seed (assisted succession; February) in a multifactorial experimental 
design, with 8 treatment combinations per substrate with 5 replicates each, except the 
controls and burn only which had 10 plots each. All plots were surveyed in summer 2012 
and 2013. In 2009, 14 P.f.-D7 rhizobacteria plots (7 inoculated, 7 control) and 29 native 
perennial seed addition plots (7 treated, 22 control) were surveyed and treated, then 
resurveyed in 2010 and 2012. For all plots I recorded vascular plant species composition 
and cover and IWAG stem counts. I analyzed the effect of treatments and the interaction 
of restoration tools on IWAG abundance, invasive and native species richness/cover, and 
cover of the seeded species using mixed linear models. While herbicide reduced IWAGs, 
invasive species cover/richness, and native species richness, fire increased native cover. 
Of the seed species, fire increased Madia gracilis cover, even if herbicide was applied 
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after, but neither native perennial seed addition nor the rhizobacteria were successful. 





Land managers have long understood the biological and economic threats posed 
by invasive plants, because they can change ecosystem function, reduce biodiversity, and 
limit forage for wildlife and livestock (D'Antonio and Vitousek 1992, Beckstead and 
Augspurger 2004). However, many invasive species management plans focus on 
controlling invasive species without considering why they were able to establish and 
thrive in the first place. When a system is healthy (i.e., native vegetation and the natural 
disturbance regime to which the vegetation is adapted), it often has self-sustaining factors 
that prevent invasive plant establishment. For example, prairies with abundant 
bunchgrass populations have been associated with lower invasive winter annual grass 
(IWAG) abundance (Beckstead and Augspurger 2004, Ponzetti et al. 2007) and abundant 
biological soil crust (biocrust; which are the mosses, lichens, and algae that grow on soil) 
that acts as a natural barrier to prevent seedling establishment (Maestre et al. 2006). 
However, when the natural defenses of the system are disturbed, or the natural 
disturbance regime is altered, invasive plants can establish and potentially form 
monotypic stands. Thus, a major goal of restoration should not only be to control target 
invasive species but also to increase community resistance to invasion, resulting in a self-
sustaining system. 
In the western United States, IWAGs are a major threat to prairies and rangelands, 
as they can establish with or without disturbance (DiTomaso 2000), and can quickly 
replace native species (D'Antonio and Vitousek 1992, Davies and Sheley 2007) by 
changing the environmental conditions in which native species have evolved. When 
IWAGs are prevalent they can alter factors like fire frequency and intensity (Kerns et al. 
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2006), water availability (White et al. 2006), soil nitrogen availability (James 2008a), and 
herbivory (Hill et al. 2005). By altering these factors, IWAGs can keep the prairie in a 
stage that promotes their own growth while suppressing native species less tolerant to the 
new environmental conditions (Brown et al. 2008). A key to successful IWAG invasion 
is their growth habit as they are active when most native species are not; IWAGs 
germinate in fall, grow roots throughout winter, and have prolific shoot growth in early 
spring (Wainwright et al. 2011). Once they set seed in early summer, IWAGs senesce, 
and are no longer palatable to grazers (DiTomaso 2000). One of the more common 
IWAGs is Bromus tectorum (downy brome), which as of 2000 it infested over 40 million 
ha of rangeland and agriculture fields and though one of the more common IWAGs, B. 
tectorum is not the only problematic species; other IWAGs include Ventenata dubia 
(ventenata), field brome (Bromus arvensis), hairy chess (Bromus commutatus), Australian 
brome (Bromus arenarius), and Taeniatherum caput-medusae (medusahead), among 
others. Due to their profound effects on western habitats, IWAG species have become the 
targets of prairie restoration management.  
Through human disturbances, intense grazing, and frequent wildfires, IWAG 
population sizes have increased, reducing native perennial bunchgrass/biocrust systems. 
Native perennial bunchgrass species like Pseudoroegneria spicata (Bluebunch 
wheatgrass), Poa secunda (Sandberg bluegrass), and Festuca idahoensis (Idaho fescue), 
provide quality habitat for other native plant species, biocrust, animals, and insects (Klaas 
et al. 1998). When a system is dominated by native bunchgrasses, often with space 
between individuals occupied by biocrust (Root et al. 2011), IWAGs have difficulty 
establishing due to lack of space and reduced resource availability (Corbin and D'Antonio 
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2004a, Beckstead and Augspurger 2004, Ponzetti et al. 2007, Vasquez et al. 2008a, Root 
et al. 2011). However, native bunchgrasses, which are highly palatable to wildlife and 
livestock (USDA NRCS Aberdeen Plant Materials Center 2011), do not have much 
seedling vigor (especially compared to IWAGs) or recover quickly from grazing 
(DiTomaso 2000). When disturbances result in competition between IWAG and 
bunchgrass seedlings, IWAGs are generally able to outcompete bunchgrass seedlings 
through species priority (Ray-Mukherjee et al. 2011, Corbin and D'Antonio 2004a, 
Keeley and McGinnis 2007, James et al. 2011) meaning IWAG seedlings use space and 
nutrients before native seedlings establish, enabling them to produce more seeds sooner 
and potentially usurping the native population (James et al. 2011). In semiarid habitats 
soil nitrogen can be limited so if IWAGs can utilize it first, bunchgrass seedlings cannot 
capture enough nitrogen to successfully establish (McLendon and Redente 1992, James 
2008a, James et al. 2011, Blumenthal et al. 2003). If soil nitrogen availability increases 
before or during fall IWAG germination, then IWAG abundance could increase 
dramatically, further increasing it competitive advantage over native seedlings. 
Promoting bunchgrass seedling establishment and early growth is an essential 
management technique for prairie restoration (Antos and Halpern 1997). 
There are many management approaches that reduce IWAG population density 
and size (Kennedy et al. 2001, Frost and Launchbaugh 2003, Cox and Anderson 2004, 
Keeley 2006, DiTomaso et al. 2009, Nyamai et al. 2011), but most aim exclusively on 
controlling the target invasive and not on restoring damaged ecological processes. One 
example that aims to restore ecological processes damaged by invasive species is the 
ecologically based invasive plant management approach (EBIPM; James et al. 2010). 
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EBIPM is a holistic method that requires land managers to develop a long-term, multi-
step plan that removes target invasives while promoting natural resistance to invasion 
with the use of multiple management techniques (James et al. 2010). For example, by 
applying herbicide when IWAGs are susceptible followed by dispersing native seed, all 
while preventing further disturbance and damage to the system’s natural defenses, should 
reduce IWAG establishment, increase the native seed bank, and increase community 
resistance to future invasion.  
All active invasive plant management plans require the use of at least one 
management technique to physically impede growth or reproduction of the target 
invasive species. These techniques can include biocontrols (Kremer and Kennedy 1996), 
fire (Pollak and Kan 1998), and herbicide (Mittelhauser et al. 2011). One of the most 
common IWAG control methods is herbicide, due to its relatively easy application and 
effectiveness at eliminating plant growth. The sulfosulfuron herbicide, Outrider®, which 
can control annual and perennial weeds (DPR 2008), but can have minimal effect on 
established native bunchgrasses like P. spicata and Elymus multisetus (Sand Hollow Big 
Squirreltail; Stevens 2010, Monaco and Creech 2004).  
In fire-adapted systems, such as many semiarid habitats of the west, prescribed 
fires can also control IWAGs, however this technique entails a delicate balance between 
too much and not enough, as many fire-adapted species do best under an intermediate 
disturbance regime (Grime 1973, Miller et al. 2012). When fires occur too frequently or 
at too high an intensity some IWAG populations will increase, resulting in an overall 
decrease in biodiversity (Keeley et al. 2005). Yet fire suppression can also lead to an 
increase in IWAG abundance because as time goes on more IWAGs can establish but the 
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native perennial seedlings are not able to replace lost individuals (Keeley 2001). As 
IWAG abundance increases, so does the litter layer, providing fuel for wildfires (Collins 
et al. 2008) and facilitating IWAG establishment by increasing winter soil moisture and 
temperature, yet in spring and summer the insulation increases soil temperature but 
decrease moisture availability (Facelli and Pickett 1991). So while winter extremes are 
ameliorated, summer conditions can be more extreme, potentially impacting native 
species. When fire has been suppressed past the intermediate stage, prescribed burns are 
an option (Miller et al. 2012) if the fires target IWAG germination, which is often when 
biocrust is relatively moist (Belnap and Eldridge 2001) and native species are not actively 
growing (James et al. 2011). 
When the problematic invasive is primarily one species, a host specific biocontrol 
can be used. The rhizobacterium, Pseudomonas fluorescens D7 (P.f.-D7), which targets 
B. tectorum (Kennedy et al. 1991, Kremer and Kennedy 1996), is a non-parasitic 
bacterium that colonizes the rhizosphere of B. tectorum, potentially suppressing early 
growth (Kremer et al. 1990). P.f.-D7 releases a phytotoxin (Tranel et al. 1993) that 
inhibits root growth and seed germination (Kennedy et al. 2001). However, results may 
not be seen until up to five years after application. Use of rhizobacteria is still in the 
experimental stage and is not yet widely available, nor are the long-term results of this 
approach well researched.  
A common management technique for restoring native communities to vast areas 
is to disperse seed of the desired late successional stage species (usually a perennial), but 
this does not always yield the desired establishment rates when IWAG abundance is high 
(Cox and Anderson 2004). A relatively new management approach called assisted 
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succession, attempts to increase native perennial abundance by using the system’s natural 
successional processes to force a more balanced competition between IWAGs and native 
annuals, instead of native perennials. Eventually, when the native annual species are 
dominant, native perennial species should be able to establish and outcompete their 
natural native predecessors. As the native population increases, IWAG abundance should 
decrease with the reduction of space and resources (Eldridge 2000, Belnap 2003, Corbin 
and D'Antonio 2004, Cox and Anderson 2004, Link et al. 2006, Maestre et al. 2006, 
Ponzetti et al. 2007, Brown et al. 2008, Chamizo et al. 2011). Assisted succession may be 
a viable approach in areas where IWAGs are promoting an early successional stage and 
tilling or drilling of native perennial seeds are not options.  
One large region that has been profoundly altered by IWAGs is the Channeled 
Scablands of eastern Washington. This unique geological region was formed by 
successive rounds of intense flooding from periodic breaks in the ice dam that held back 
glacial Lake Missoula about 20,000 years ago (Bretz 1928). The flooding created four 
main tracts, the greatest of which is the Cheney-Palouse River tract (75 miles long and 
about 20 miles wide), about 20 miles southwest of Spokane, Washington (Bretz 1928). 
Much of this land has been converted to rangeland, agriculture fields, or development, 
but intact remnants often contain Mima mounds (Berg 1990), also referred to as pimple 
mounds, prairie mounds, and hog wallows (Washburn 1988). They have been described 
from regions of North American, Africa, and South America (Cox 1990). The mounds 
are aggregations of fine loess about 2 m tall and 30 m in diameter, but soil depth of 
mounds and intermounds is strongly influenced by the underlying substrate type (Del 
Moral and Deardorff 1976). In eastern Washington, Mima mounds are underlain by one 
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of two substrates: basalt bedrock or alluvial gravel (Bretz 1928, Bryant et al. 2013). 
Basalt underlain mounds (basalt mounds) consist of fine loess on basalt bedrock with 
shallow rocky intermounds that often flood in spring, forming ephemeral wetlands. The 
alluvial underlain mounds (alluvial mounds) are redeposited sediments and fine loess on 
the basalt bedrock (Washburn 1988). Alluvial mounds are often smaller (in height and 
diameter) than basalt mounds due to deeper intermound soils.  
Native species common to the Channeled Scablands include the annuals 
Amsinckia menziesii (tarweed fiddleneck), Clarkia pulchella (pinkfairies) and Madia 
gracilis (grassy tarweed), and the perennials Eriogonum heracleoides (parsnipflower 
buckwheat), F. idahoensis, P. secunda and P. spicata (Bryant et al. 2013, Reynecke, 
2012). Over the last few decades these native populations across the west have been 
greatly reduced by IWAGs (D'Antonio and Vitousek 1992, DiTomaso 2000b), including 
V. dubia, B. tectorum, B. arvensis (field brome), B. commutatus (bald brome), and T. 
caput-medusae, as well as invasive perennial species including Poa bulbosa (bulbous 
bluegrass), and Vicia cracca (bird vetch). 
Objectives 
The overall objective of my study was to experimentally determine the most 
effective approach to sustainably restoring native Mima mound prairie plant communities 
by restoring a more natural pattern of succession. I did this by testing combinations of 
techniques that aim to: 1) reduce invasives, 2) assist succession through annual seed 
addition, and 3) increase community resistance to invasion. Specifically, I wanted to 
determine: 1) whether burning, herbicide, or a combination of the two was most effective 
at reducing invasives and promoting natives, and 2) whether annual seed alone or in 
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combination with perennial seed effectively limits invasives and promotes native growth.  
I addressed these questions in a three part study.    
 For the first part of my study, I experimentally tested the effects of fire, herbicide, 
and native annual and perennial seed addition on species composition on Mima mounds 
underlain by two different geologic substrates (basalt and alluvial). I predicted that fire 
and herbicide together would be most effective at reducing IWAG abundance. 
Experiment 1 also allowed me to assess the benefits of assisted succession by comparing 
establishment success of native annual to perennial seed. I predicted that initially more 
native annuals would establish than native perennials but that native perennial abundance 
will increase after 1 year. 
For the second part of my study, I experimentally tested whether addition of P.f.-
D7 rhizobacteria reduced IWAG cover over 3 years by comparing control and treated 
plots in 2009 (before treatment), 2010 (after treatment), and 2012. I predicted that the 
2012 abundance of B. tectorum and other IWAG would be lower than in 2009 and 2010, 
because rhizobacteria may take up to five years to influence growth. 
 Finally in part three of my study, I experimentally tested the effect of adding 
native perennial seed to plots over three years by comparing seeded species abundances 
in control and treated plots in 2009, 2010, and 2012. I predicted that seeded perennial 
species, which take a long time to germinate, would have increased in abundance since 
before treatment and one year after treatment; with a concurrent reduction in IWAG 
abundance.   
In addition, I assessed how soil nitrogen availability changed from August to 
October to establish a base line of ammonium and nitrite/nitrate levels available during 
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fall germination. I predicted that ammonium and nitrite/nitrate levels would increase from 
August to October, in conjunction with fall IWAG germination. 
Materials and Methods 
Study Site 
 Turnbull National Wildlife Refuge (TNWR) is located about 5 miles south of 
Cheney, Washington and is about 18,217 acres, encompassing several habitats including 
Mima mound prairie, ponderosa pine forest, wetlands, and riparian areas surrounded by 
Palouse Prairie, rangeland, and agricultural fields. The Mima mound prairie remnants 
encompass about 1,270 acres (47.40N, -117.52W). The climate is semiarid with an 
average annual rainfall of 43 cm (17 in) and an average annual temperature of 48° F. My 
study site was located on a 154-hectare portion of the Mima mound prairie known as the 
Stubble Field Tract and Public Use Area (Figure 7). Mounds in this area are underlain by 
either basalt bedrock or alluvial gravel substrates, which for the purpose of this paper will 
be hereafter referred to as basalt mounds and alluvial mounds. 
Study Design 
 Within the Mima mound prairie, three experiments were carried out. Experiment 
1 was replicated on both alluvial and basalt mounds and tested the effect of prescribed 
fire, herbicide, addition of native annual seed only, and addition of native annual and 
perennial seed combined on species composition. The multi-factorial combination of 8 
treatments, including a control is listed in Table 6. The experiment was not fully factorial 
due to limited time and resources; treatments were selected to include combinations most 
likely to be used by refuge managers. There were 5 replicates per treatment, except for 
basalt and alluvial burn plots, for which there were 10 replicates per substrate type. There 
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were 17 basalt control plots established in 2009 (seven extra plots were surveyed in case 
plots were lost before treatment application) and 10 alluvial control plots, 5 of which 
were established in 2009 and 5 were new. All plots that received treatments were 
established in 2012. Plots were sampled prior to treatment in 2012, and after treatment in 
2013, except for 3 plots that could not be relocated. Treatments were applied 
sequentially, with burning in fall (October/early November), followed by herbicide 3 
weeks after the last burn (late November), and finally seed addition in winter (early 
February).  
Low intensity burning was administered to five different large areas of the prairie 
(Figure 8) to provide replication. Areas 1, 2, (basalt) and 4 (alluvial) were burned on 
October 18, 2012, and areas 3 (basalt) and 5 (alluvial) were burned on November 8, 2012 
(Figure 8). At the time of the first burns, IWAGs had begun to germinate and weather 
conditions were favorable; unfortunately two weeks of rain delayed burning of the final 
two areas. Because the weather window was small, the last two burns were only of 
individual mounds with plots rather than the entire areas to better control burn intensity 
(the wet conditions would not have allowed intensity levels similar to the previous fires).  
To prevent late IWAG establishment, Outrider® herbicide was applied on 
November 27 and 28, 2012 to each designated plot, at 1 oz/acre by backpack sprayer. On 
February 5, native annual seed (C. pulchella and M. gracilis; collected in August of 2012 
from TNWR outside the study area) and perennial seed (F. idahoensis, P. secunda, and 
P. spicata; supplied by TNWR) were dispersed either together or annual seed only. All 
seed was hand dispersed, with annual seed at a rate of 0.16 g/m
2
 and perennial seed at a 
rate of 2.11 g/m
2
. Both rates were adjusted to account for dispersal type (hand broadcast) 
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using the BFI native seed calculator (www.bfinativeseeds.com). 
To determine the effect of rhizobacteria on IWAG abundance, I resurveyed 14 
fenced plots, of which seven had been inoculated with rhizobacteria in 2009; the other 
seven were fenced controls. Plots were surveyed before inoculation (2009), and one 
(2010) and three years (2012) post inoculation. All 14 plots are on alluvial substrate 
mounds that were initially selected for their high abundance of B. tectorum in June and 
July of 2009. In November 2009, P.f.D7 was applied to 7 plots on the soil surface at rate 
of 108 cells/m
2
 with a backpack sprayer in water equivalent to 10 gallons per acre. All 14 
plots were fenced before application and remain so.  
To assess the effects of native perennial seed addition over three years, 22 plots 
that were established and surveyed in 2009 were relocated and resurveyed in 2012. There 
were 22 control plots (5 alluvial and 17 basalt substrate) and 7 treated plots (3 alluvial 
and 4 basalt substrate). The seed of two native perennial bunchgrass species (P. spicata 
and F. idahoensis) were hand broadcast in late November 2009 at a rate of 1.36 g/m
2
.  
Finally, soil samples were taken from 10 basalt and 10 alluvial control plots every 
two weeks from August 10, 2012 to October 12, 2012 to determine how soil nitrogen 
levels changed over time. I removed the top layer of soil and collected a 50 g sample 
from the side of the hole, about 10-20 cm deep. Soil nitrogen samples were put in paper 
bags in direct sunlight until dry and all rocks and organic matter were removed with a 
three-tiered sieve. These samples were sent to University of Idaho Analytical Sciences 
Laboratory for analysis of nitrogen concentrations (ammonium, nitrite, and nitrate) using 
the 2N KCl soil extraction for nitrate, nitrite, and ammonium.  
Vegetation Survey Details 
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To account for plant phenology changes over the survey period, the different 
treatments and locations were sampled randomly. For all 128 plots surveyed in 2012, the 
following information was recorded: substrate type (alluvial and basalt), species 
composition and percent cover, IWAG stem count in a 0.04 m
2
 corner of the plot, and 
soil depth (at 2 corners of the plot). Soil samples were collected from selected plots as 
described previously.  
Data Analysis 
To determine which combination of treatments most effectively reduced invasives 
and increased natives, I used mixed linear models to compare the effect of treatments on 
IWAG stem counts, native and invasive species richness and percent cover, M. gracillis 
percent cover and C. pulchella percent cover (PROC MIXED; SAS 9.3 software). I used 
mixed linear models because I had both random (burn area nested within substrate) and 
fixed (treatment) variables. These analyses included two factors: underlying substrate 
(alluvial or basalt), and treatment (with 8 levels per substrate type: burn (B), burn/annual 
seed (BA), burn/annual and perennial seed (BAP), burn/herbicide/annual seed (BHA), 
burn/herbicide/annual and perennial seed (BHAP), herbicide/annual seed (HA), 
herbicide/annual and perennial seed (HAP), and control (C)). Native species richness and 
percent cover of M. gracilis and C. pulchella were not normally distributed but 
transformations did not improve normality. For all significant factors a Tukey post hoc 
analysis was done. 
To determine how burning and herbicide (followed by seed addition) interacted to 
effect IWAG stem counts, native/invasive species richness/percent cover, or percent 
cover of seeded annual plants (M. gracillis and C. pulchella) I used five mixed linear 
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models (one for each variable) that accounted for post burn treatments (PROC MIXED; 
SAS 9.3 software). I used mixed linear models because I had both random (burn area 
nested within substrate) and fixed (treatment) variables. The three factors were substrate 
type (basalt or alluvial), burning (2 levels: burned or not) and herbicide followed by seed 
addition (3 levels: no herbicide or seed, herbicide with annuals only, and herbicide with 
annuals and perennials), for a total of 6 treatments each on both alluvial and basalt 
substrates (B, BHA, BHAP, HA, HAP, and C). The change in IWAG stem counts and M. 
gracillis and C. pulchella percent cover were Box-Cox transformed (λ=1.25 for all). 
Native and invasive species richness were not normally distributed and distribution could 
not be improved with transformations. For all significant factors a Tukey post hoc 
analysis was done. 
On burned plots, to determine how seed addition type interacted with herbicide 
and substrate to affect IWAG stem counts, native/invasive species richness/percent cover, 
and M. gracillis and C. pulchella percent cover, I used mixed linear models (PROC 
MIXED; SAS 9.3 software). I used mixed linear models because I had both random (burn 
area nested within substrate) and fixed (treatment) variables. The models included three 
factors: substrate type (basalt or alluvial), herbicide (used/not used), and seed addition 
type (annual seed only/annual and perennial seed), which resulted in the following 4 
treatments compared over basalt and alluvial substrates: BA, BAP, BHA, and BHAP. M. 
gracillis and C. pulchella percent covers were Box-Cox transformed with a final λ of 
0.75. For all significant factors a Tukey post hoc analysis was done. 
 To determine if there was a long-term affect of P.f.-D7 on stem counts and 
percent cover of B. tectorum and total IWAGs I used a repeated measures ANOVA 
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(PROC MIXED; SAS 9.3 software) comparing 2009, 2010, and 2012 stem counts and 
percent cover with and without treatment. For all significant factors a Tukey post hoc 
analysis was done. 
All data were tested for normality and homoscedasticity and transformed as 
necessary using Box-Cox transformations.  
Results 
Effects of Fire, Herbicide, and Seed Addition on Plant Communities 
The combination herbicide/seed addition treatments reduced IWAG stem counts 
(Tables 7 and 8; Figure 9) irrespective of burning, substrate, or type of seed added 
(annual alone or annual and perennial). Burning also reduced IWAG stem counts across 
both substrates except for the burning/annual and perennial seed (BAP) treatment on 
basalt, which I suspect is due seed contamination or that the soil seed bank was primarily 
IWAGs (Table 8; Figure 9). In control plots, IWAG stem counts increased (Table 8). 
When analyzed as a fully factorial model (e.g. removing nonfactorial variables) to assess 
interactions between burning and herbicide, there was no interaction between burning, 
herbicide/seed applications, or substrate type in terms of their effect on IWAG stem 
counts (Table 9).  When analyzed as a fully factorial model to assess the interaction 
between substrate, herbicide, or type of seed added (e.g. with plots that were not burned 
removed), IWAG stem counts were not influenced by an interaction between substrate, 
herbicide, or type of seed addition (annual or annual/perennial; Table 10). 
Similar to IWAG stem counts, invasive and native species richness decreased 
when herbicide was applied (irrespective of seed addition type and burning), yet both 
invasive and native species richness increased in control, burn, and burn/seed treatments 
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(Tables 11 and 12; Figure 10). However, herbicide decreased invasive richness more than 
native richness (Table 13), particularly in the burn/herbicide/seed treatments (Table 14). 
Invasive and native species richness was not influenced by the interaction between fire 
and herbicide (Table 15; Figure 10). On burned plots, herbicide and seed addition type 
interacted; herbicide reduced invasive species less when perennial seeds were added to 
the mix (Table 16; Figure 10). This interaction effect was marginal and could be due to 
lack of normally distributed data. Herbicide, irrespective of seed addition type, reduced 
native and invasive species richness (Table 16; Figure 10). 
From 2012 to 2013, the most aggressive restoration tools used 
(burn/herbicide/seed and herbicide/seed) reduced mean invasive species percent cover by 




respectively. Meanwhile, mean native species percent cover 
increased across all treatments, not including the controls, from 35% to 57% per m
2
. 
Invasive species percent cover was reduced by all herbicide treatments, but increased in 
the control, burn, and burn/seed treatments (Tables 17 and 18; Figure 11). The three most 
common invasive species that increased cover with burn and burn/seed treatments were 
Sisymbrium altissimum, Linaria dalmatica, and Vicia cracca, yet all decreased when 
herbicide was applied (Figure 12). There was no significant effect of any treatments on 
native cover (Table 17; Figure 11), however burning alone appeared to increase native 
cover more than herbicide with annual and perennial seed (per Tukey tests, though the 
overall model was not significant; Table 18). All herbicide treatments reduced invasive 
species percent cover more than native cover (Table 21; Figure 11) on both basalt 
(p=0.0157, t=-2.50) and alluvial mound (p=0.0015, t=-3.34). Invasive and native cover 
were not affected by the interaction between burning and herbicide (Table 19; Figure 11). 
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On burned plots, the interaction between seed treatments and herbicide had no effect on 
invasive cover (Table 20; Figure 11). On burned plots, an interaction between substrate 
type and herbicide affected native cover; on basalt plots native cover increased most in 
the presence of herbicide; while on alluvial plots, native cover only increased in the 
absence of herbicide (Table 20; Figure 13).  
C. pulchella percent cover was not influenced by any treatment (Table 22) except 
herbicide/annual and perennial seed which reduced its cover (Table 23; Figure 14).  C. 
pulchella cover was not influenced by an interaction between burning and herbicide 
(Table 24) or seed addition type and herbicide in burned plots (Table 25).  
Unlike C. pulchella, burning and seeding increased M. gracilis percent cover 
(Tables 22 and 23; Figure 15). In burn/herbicide/seed treatments M. gracilis cover 
increased, however herbicide/seed treatments reduced M. gracilis cover (Table 23). 
Burning with seed addition increased M. gracilis cover the most, but the interaction 
between fire and herbicide did not affect M. gracilis cover (Table 24), nor did an 
interaction between herbicide and seed addition type in burned plots (Table 25).  
There was no effect of any treatments on perennial seeded species; only 4 
identifiable bunchgrass individuals (2 F. idahoensis, 1 P. spicata, and 1 P. secunda) were 
found, and all except the P. secunda individual were present the year before treatments 
were applied. There were 6 unidentifiable bunch grass individuals found in burned plots, 
but only two of those had received native perennial seed. Anecdotally, I observed that 
mature P. spicata and F. idahoensis responded well to burning on alluvial intermounds. 
Rhizobacteria Effects 
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B. tectorum stem counts and percent cover decreased in both control and 
rhizobacteria inoculated plots from 2009 to 2012 (Table 26), with no significant effect of 
inoculation (p=0.0139, t=2.59; Figure 16). Likewise, total IWAG percent cover was not 
reduced by the rhizobacteria treatment (p=0.5646; F=0.35). In both treated and control 
plots, total IWAG percent cover changed little from 2009 to 2012 (p=0.0731; t=1.85).  
2009 Native Perennial Seed 
 Of the 14 plots seeded in 2009, only 7 were surveyed in 2012; of these, only one 
plot had 0.5% cover of F. idahoensis; otherwise the seeded perennial grasses did not 
establish. 
Soil Samples 
Sample time and substrate type did not influence total levels of available soil 
nitrogen (Table 27; Figure 16), and there was no difference in soil ammonium or 
nitrite/nitrate levels among sample times or substrate type (Tables 27 and 28; Figure 17). 
Soil nitrite/nitrate levels where higher than ammonium levels (Table 27; Figure 17).  
Discussion 
My study found that while the most effective restoration tool for reducing 
invasive species was herbicide, irrespective of burning, prescribed fire was most effective 
at increasing native species cover. I also found that annual seed addition can increase M. 
gracilis cover over short time periods. By following the EBIPM restoration guidelines I 
not only developed an understanding of common prairie restoration approaches but also 
learned from previous restoration projects that were completed in my study area and 
similar regions. This knowledge led me to choose restoration tools that were not used 
previously at TNWR (i.e. fire and native annual seed addition). I also changed the type of 
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herbicide and rate application, as well as the rate and time of native perennial seed 
application based on findings of Reynecke (2012).  
Herbicide is one of the most common IWAG management tools as it consistently 
reduces IWAG abundance (Steers et al. 2009, DiTomaso et al. 1997, Monaco and Creech 
2004, Corbin and D'Antonio 2004b, Huddleston and Young 2005, Simmons et al. 2007, 
Geisel et al. 2008, Sheley et al. 2012). There are a wide variety of herbicides available 
and each can affect plants differently. However, as herbicide use increases so will the 
number of resistant populations. While having populations of native species resistant to 
herbicide can be beneficial for restoration, invasive species resistance will only 
exacerbate the issues associated with high invasive cover.  Populations of the invasive 
species, Lactuca serriola (Prickly Lettuce), are resistant to certain sulfonylurea, 
imidazolinone, imazapyr, and imazethypyr herbicides (Mallory-Smith et al. 1990) and as 
of 1990 at least 40 eudicot and 15 grass (including B. tectorum) populations were 
documented to be resistant to triazine herbicides (Holt and LeBaron 1990). Because 
herbicide resistant populations will increase as use increases, herbicide may not be a 
viable long-term solution; instead restoration projects should generate and promote self-
sustaining ecological communities.  
In the short-term, however, herbicides are able to reduce the cover of IWAGs and 
other invasives species, and when applied in combination with fire, native cover can 
increase (Davies et al. 2011, DiTomaso et al. 1997, Simmons et al. 2007). This works 
partially because fire triggers germination of some invasive species, such as Bromus 
hordeaceus (soft brome), thus a post fire herbicide application could remove those 
individuals (Sheley et al. 2007, Boyd and Rafael 1996). With the litter layer removed by 
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fire, herbicide efficiency should increase (Rhoades et al. 2002, DiTomaso et al. 2009). 
Most IWAG species have relatively short seed dormancy periods, like ventenata and 
downy brome, which have seeds that are only viable for about 2-3 years (USDA 2008, 
Young et al. 1987) therefore, long-term use of aggressive restoration tools could reduce 
future IWAG cover. The rate and timing of my herbicide application successfully 
targeted IWAG fall growth and although native richness decreased, native cover 
increased. This implies that while many TNWR native species are not tolerant to 
Outrider® herbicide, those that are can benefit from IWAG removal. Other studies have 
found similar trends where native species richness is lower shortly after fire and/or 
herbicide application but gradually increases while invasive cover decreases over time 
(DiTomaso et al. 1997, Keeley et al. 2005, Nyamai et al. 2011, Sheley et al. 2012, Rinella 
et al. 2012).  
Another aggressive restoration tool is prescribed fire, which reduces IWAG cover, 
removes litter and potentially seed banks, and promotes native growth. The effect of fire 
on IWAG abundance is highly dependent on fire return intervals; IWAG abundance has 
been shown to increase if too frequent fires kill native species (DiTomaso 2000, Young 
and Allen 1997, McIver and Starr 2001, Keeley et al. 2005, Keeley 2006). However, as 
IWAG abundance increases so does the fire reoccurrence interval (Davies et al. 2007, 
Miller et al. 2012), further promoting IWAG establishment and a more-frequent fire cycle 
(Whisenant and Uresk 1990).  
There are several seasons where periodic prescribed fires can control IWAGs; 
early spring fires can prevent established IWAGs from setting seed (Whisenant and 
Uresk 1990), while early summer fires that occur after seed production but before seeds 
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are released can reduce IWAG seed bank and cover (Davies et al. 2013, Pollak and Kan 
1998). Fall burns can reduce the number of established IWAG individuals and thereby 
limit competition with native species in spring (Nyamai et al. 2011). Plus, when 
prescribed fires mimic the historic fire cycle of the area, native growth has been shown to 
increase (Davies et al. 2013, Davies and Sheley 2007). Long-term monitoring is required 
after prescribed fires, even if the appropriate fire cycle has been mimicked, because 
IWAG abundance can be high the year following the fire, while native species may 
require several years to become dominant (Keeley et al. 2005, Davies and Sheley 2007).  
Along with killing IWAG individuals, prescribed fires remove dense IWAG 
generated litter that favors IWAG growth (Keeley and McGinnis 2007) and can 
potentially reduce the seed bank in the litter or top cm of soil (DiTomaso et al. 1999). 
Dense litter shades out native seedlings and biocrust communities while trapping seeds 
close to the soil (Evans and Young 1970) and increasing winter soil temperature and 
moisture favorable to IWAG germination and growth (Facelli and Pickett 1991). Fires 
that are hot enough to penetrate the top few cm of soil and remove the litter layer can 
potentially destroy a large portion of the seed bank (Boudell et al. 2002), but a single cool 
burn may be insufficient to dramatically reduce the soil seed bank (DiTomaso et al. 
1999). Removing IWAG seeds from the seed bank is important as future competition will 
primarily depend on what species are present (Keeley et al. 2005, Keeley 2006). After a 
cool fire, if the viable seed bank is comprised of mainly IWAG species, the next year’s 
growth will still be dominated by IWAGs. This may explain my finding that invasive 
species richness/cover increased when areas were burned but herbicide was not used. A 
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low intensity burn may still confer benefit by reducing the amount of IWAG seeds being 
added to the soil, and the competitive advantage allotted by dense litter cover.  
Along with aggressive IWAG restoration tools, sowing seed of desired perennial 
species is common, but establishment is not always successful (Cox and Anderson 2004, 
Nyamai et al. 2011) as I found. Most native perennial establishment success is highest 
with tilling or drilling rather than broadcast seed dispersal (Davies et al. 2013, Cox and 
Anderson 2004, Nyamai et al. 2011). But tilling and drilling are not viable options for 
certain habitats, such as Mima mound prairies. The limited native perennial establishment 
I observed may be due to low seedling vigor especially when competing with IWAG 
seedlings (Ray-Mukherjee et al. 2011, James et al. 2011). However, when competition is 
between IWAG seedlings and an established native perennial, the perennial tends to 
outcompete the IWAG (Beckstead and Augspurger 2004, Ponzetti et al. 2007). Another 
possible explanation for low perennial recruitment is that mature native bunchgrass 
populations may not do well on the tops of Mima mounds at TNWR. Anecdotal 
observations from 2013 suggest that more perennial grasses are on the alluvial 
intermounds where mature bunchgrasses responded well to fire; however I did not survey 
alluvial intermounds. 
 The low native perennial establishment rates may also be due to IWAGs having 
altered the soil chemistry and microbiota (Belnap et al. 2005, Busby et al. 2012), which 
can prevent native perennial establishment (Mangla and Callaway 2007). In this case, 
assisted succession with annual seed could potentially benefit native growth by providing 
a rapid growing annual species to compete with the IWAGs, and by potentially restoring 
the soil chemistry and microbiota to a state where native perennial seed can germinate.  
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This assumes that because native perennials evolved to establish after the native annuals, 
they share the same microbiota and soil chemistry preferences.  
I tested the effect of assisted succession at TNWR by seeding with two native 
annuals; M. gracilis responded well to fire, though it was not associated with lower 
invasive species numbers. C. pulchella did not increase with seeding, which could be due 
to M. gracilis being a more aggressive establisher, seed viability, or plant size, as M. 
gracilis tends to be larger than C. pulchella. Of the two annuals used here, M. gracilis 
would be a better choice for rapidly increasing native cover, but the desired end result of 
restoration is important when choosing which annual species to disperse. C. pulchella and 
other Clarkia sp. are highly attractive to people and pollinators and are used in pollinator 
seed mixes. So while C. pulchella may not be an aggressive establisher, its use should be 
further assessed with different seed densities and possibly in different years when the 
weather differs. Other potential native annuals can include, Amsinkia menzesii, Collomia 
lineraris, and Polygonum douglasii, as all appear to colonize quickly after disturbance. 
More research needs to be done to find more/better native annual species that can 
increase native cover quickly and long-term monitoring is required to determine if these 
responses persist; my results are based on the first year (Rinella et al. 2012).   
After three years, the biocontrol P.f.-D7 rhizobacteria, which was applied in 2009, 
had no effect on IWAG stem counts or cover. There are a variety of possible reasons that 
this application did not work despite success in other projects (Kennedy et al. 1991, 
Kremer and Kennedy 1996, Kennedy et al. 2001). P.f.-D7 is a cold bacterium, but on the 
day of application, the ambient temperature was below freezing, most likely resulting in 
the bacteria freezing before they could enter the soil. It is also possible that the bacteria 
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successfully entered the soil but did not survive the winter. A third possible explanation 
is that TNWR has a wetter climate than some of the other study areas and the excess 
water availability may have allowed B. tectorum to overcome the negative impacts of the 
rhizobacteria.  
My research goal was to restore a native plant community on the Turnbull 
National Wildlife Refuge Mima mound prairie that is able to sustain itself with minimal 
long-term intervention. I found that while herbicide was effective at reducing invasive 
species and may be an excellent short-term solution, fire appears to more strongly benefit 
native species, the success of which could help limit further invasion, increase 
community resistance and sustain the restoration. Further, seeding with local native 
annuals, such as M. gracilis, may help promote succession to a sustainable native 
community by taking up space and resources that would otherwise be available for 
invasive annuals. I would suggest that managers at TNWR and similar regions develop a 
prescribed burn schedule based on the historic fire regime, and only use an herbicide that 
targets invasive species (but minimizes effects to natives) in areas with dense IWAG 
growth. Herbicide and fire application will need to be timed carefully to maximize 
damage to invasives while minimizing harm to natives. After these have been applied, I 
recommend dispersing seed of M. gracilis and other native annual species, followed by 
native perennial species once the native annual abundance has increased. This plan 
should increase native cover, while reducing IWAG abundance, and promote a self-
sustaining system.  
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Chapter 2 Figures 
 
 
Figure 7 Aerial photograph of the Mima mound prairie at Turnbull National Wildlife 
Refuge (TNWR). The area of TNWR is in the upper right hand corner and the pink 
polygon is the general study area. The white points indicate individual plots.  
 56 
 
Figure 8 Aerial photo of the Mima mound prairie; the colored polygons indicate the burn 
areas. Areas 1, 2, and 3 are underlain by basalt substrate and areas 4 and 5 are underlain 























Figure 9 Mean IWAG stem count changes from 2012 to 2013 after each treatment on 
both basalt and alluvial mound plots. Error bars represent + 1 standard error. Statistical 















































Figure 10 Mean changes in native and invasive species richness per m
2
 from 2012 to 



























































































































































Figure 11 The effect of treatment on native and invasive species percent cover per m
2
 
plots from 2012 to 2013 on basalt and alluvial mounds. Error bars represent + 1 standard 






















































































































































































Figure 12 Mean change in Sisymbrium altissimum, Linaria dalmatica, and Vicia cracca 












































Figure 13 Mean change in native species cover from 2012 to 2013 on alluvial and basalt 






















































Figure 14 Mean change in C. pulchella percent cover in 1 m
2
 plots from 2012 to 2013 on 






































Figure 15 Change in Madia gracilis abundance in 1 m
2
 plots from 2012 to 2013 on basalt 
and alluvial mounds after each treatment. Error bars represent + 1 standard error. 









































Figure 16 Mean Bromus tectorum percent cover in P.f.-D7 rhizobacteria treated and 
control plots from 2009, 2010, and 2012. Error bars represent + 1 standard error.  
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Figure 17 Mean total nitrogen in soil samples across all five sampling times. 1=August 
10, 2012, 2=August 20, 2012, 3=September 13, 2012, 4=September 28, 2012, and 
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Figure 18 Mean 2012 nitrite/nitrate and ammonium levels near basalt and alluvial control 
plots from each soil sample period. 1=August 10, 2=August 20, 3=September 13, 


































Chapter 2 Tables 
Table 6 Eight treatment combinations of fire, Outrider® herbicide, and native annual and 
perennial seed that were applied fall 2012 to winter 2013. Each treatment was replicated 



















1 X    11 11 
2 X  X  5 3 
3 X  X X 5 5 
4 X X X  5 5 
5 X X X X 4 5 
6  X X  4 5 
7  X X X 3 5 












Table 7 Summary of F and p-values from a mixed linear model analysis to determine the 
effect of treatment and substrate type on total IWAG stem counts. Significant values are 
in bold. 
Type 3 Tests of Fixed Effects on 
Total IWAG Stem Counts 
Effect F Value (DF) p Value 
Substrate 1.06 (86) 0.31 
Treatment 5.86 (86) <0.0001 









Table 8 Summary of t and p values from Tukey post-hoc analysis of a mixed linear model 
analyses that compare the effect of treatment on total IWAG stem counts. B=Burn, 
BA=Burn/Annual Seed, BAP=Burn/Annual and Perennial Seed, BHA=Burn/Herbicide/ 
Annual Seed, BHAP= Burn/Herbicide/Annual and Perennial Seed, 
HA=Herbicide/Annual Seed, HAP= Herbicide/Annual and Perennial Seed, C=Control. 
Significant values are indicated in bold. 
  
Total IWAG Stem 
Count 
Treatment Treatment t Value(DF) p Value 
B BA 0.18(86) 0.86 
B BHA 1.18(86) 0.24 
B BHAP 1.94(86) 0.056 
B BAP -1.83(86) 0.071 
B HA 1.85(86) 0.068 
B HAP 1.64(86) 0.11 
B C -3.26(86) 0.0016 
BA C -2.45(86) 0.016 
BAP C -0.69(86) 0.49 
BHA C -3.72(86) 0.0004 
BHAP C -4.22(86) <0.0001 
HA C 4.13(86) <0.0001 
HAP C 3.92(86) 0.0002 
BA BHA 0.77(86) 0.44 
BA BHAP 1.43(86) 0.16 
BA BAP -1.59(86) 0.12 
BA HA 1.36(86) 0.18 
BA HAP 1.19(86) 0.24 
BHA BHAP 0.76(86) 0.45 
BHA BAP -2.55(86) 0.013 
BHA HA 0.68(86) 0.50 
BHA HAP 0.5(86) 0.62 
BHAP BAP -3.12(86) 0.0025 
BHAP HA -0.07(86) 0.94 
BHAP HAP -0.24(86) 0.81 
BAP HA 3.04(86) 0.0031 
BAP HAP 2.86(86) 0.0053 






Table 9 Summary of F and p values for a mixed linear model analysis comparing the 
effects of substrate type, fire (burned), herbicide/seed application (HAP) and the 
interaction of fire and herbicide/seed application on total IWAG stem counts. Significant 
values are indicated in bold. 
Type 3 Tests of Fixed Effects on  
Total IWAG Stem Count 
Effect F Value(DF) p Value 
Substrate 1.34(72) 0.25 
Burned 0.86(72) 0.36 
Substrate*Burned 0.01(72) 0.92 
HAP 11.53(72) <0.0001 
Substrate*HAP 2.64(72) 0.079 
Burned*HAP 2.64(72) 0.078 






Table 10 Summary of F and p values for a mixed linear model analysis comparing the 
effects of substrate type, herbicide and seed addition type (annual seed only or annual and 
perennial seed together) in burned plots on total IWAG stem counts. Significant values 
are indicated in bold. 
Type 3 Tests of Fixed Effects 
IWAG Stem Counts 
Effect F Value(DF) Pr > F 
Substrate 0.33(2.51) 0.61 
Herbicide 10.20(24.3) 0.0039 
Substrate*Herbicide 0.32(24.3) 0.58 
Seed Addition 0.50(24.2) 0.48 
Substrate*Seed 0.11(24.2) 0.74 
Herbicide*Seed 2.21(25.1) 0.15 















Table 11 Summary of F and p-values from two mixed linear model analyses to determine 
the effect of treatment and substrate type on invasive and native species richness. 
Significant values in bold. 
                        Type 3 Tests of Fixed Effects on  
 




Effect F Value(DF) p Value F Value(DF) p Value 
Substrate 0.06(2.95) 0.82 1.32(86) 0.25 
Treatment 19.11(24.4) <0.0001 3.92(86) 0.0009 








Table 12 Summary of t and p values from Tukey post hoc analysis of two mixed linear 
model that compare the effect of treatment on native and invasive species richness. 
B=Burn, BA=Burn/Annual Seed, BAP=Burn/Annual and Perennial Seed, 
BHA=Burn/Herbicide/ Annual Seed, BHAP= Burn/Herbicide/Annual and Perennial 
Seed, HA=Herbicide/Annual Seed, HAP= Herbicide/Annual and Perennial Seed, 




Native Species  
Richness 
Treatment Treatment t Value(DF) p value t Value p value 
B BA -1.05(84.3) 0.30 -0.92(86) 0.36 
B BHA 7.84(84.6) <0.0001 2.43(86) 0.017 
B BHAP 5.31(83.9) <0.0001 2.45(86) 0.016 
B BAP 0.46(85.9) 0.64 0.98(86) 0.33 
B HA 2.23(6.05) 0.067 1.55(86) 0.12 
B HAP 2.67(6.05) 0.037 3.25(86) 0.0016 
B C -0.87(3.52) 0.44 -0.43(86) 0.67 
BA C -0.05(5.93) 0.96 0.63(86) 0.53 
BAP C -1.1(5.01) 0.32 -1.33(86) 0.19 
BHA C -5.88(4.96) 0.0021 -2.79(86) 0.0065 
BHAP C -4.38(5.96) 0.0047 -2.78(86) 0.0067 
HA C 4.48(83.2) <0.0001 1.87(86) 0.065 
HAP C 5.15(83.2) <0.0001 3.59(86) 0.0006 
BA BHA 7.13(83.5) <0.0001 2.7(86) 0.0084 
BA BHAP 5.17(84) <0.0001 2.74(86) 0.0074 
BA BAP 1.28(84.5) 0.20 1.57(86) 0.12 
BA HA 2.65(9.03) 0.026 2.01(86) 0.048 
BA HAP 3.05(9.03) 0.014 3.39(86) 0.0010 
BHA BHAP -1.56(84.5) 0.12 0.23(86) 0.82 
BHA BAP -6.28(83.9) <0.0001 -1.22(86) 0.22 
BHA HA -2.43(7.86) 0.042 -0.55(86) 0.58 
BHA HAP -2.02(7.86) 0.079 0.93(86) 0.36 
BHAP BAP -4.17(85.4) <0.0001 -1.36(86) 0.18 
BHAP HA -1.24(9.05) 0.25 -0.73(86) 0.47 
BHAP HAP -0.84(9.05) 0.42 0.65(86) 0.52 
BAP HA 1.8(7.9) 0.11 0.58(86) 0.56 
BAP HAP 2.22(7.9) 0.058 2.06(86) 0.042 





Table 13 Summary of F and p values from a mixed linear model comparing the effects of 
substrate type, treatment, to total species richness. Significant values indicated in bold.  
Type 3 Tests of Fixed Effects on Total Species 
Richness 
Effect F Value(DF) p Value 
Substrate 0.38(2.85) 0.58 
Treatment 17.56(28.5) <0.0001 
Substrate*Treatment 1.12(28.5) 0.38 
Native vs Invasive (NvI) 26.19(169) <0.0001 
Substrate*NvI 0.31(169) 0.58 
Treatment*NvI 2.56(169) 0.016 
Substrate*Treatment*NvI 0.50(169) 0.84 
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Table 14 Summary of t and p-values from Tukey post-hoc analysis of a mixed linear 
model to determine if treatments affected the change of native species richness differently 
than invasive species richness. Significant values are indicated in bold. B=Burn, 
BA=Burn/Annual Seed, BAP=Burn/Annual and Perennial Seed, BHA=Burn/Herbicide/ 
Annual Seed, BHAP= Burn/Herbicide/Annual and Perennial Seed, 
HA=Herbicide/Annual Seed, HAP= Herbicide/Annual and Perennial Seed, C=Control. 
Significant values are indicated in bold. 
Treatment t Value (DF) P Value 
B -1.60(169) 0.11 
BA -1.23(169) 0.22 
BAP -0.41(169) 0.68 
BHA -4.87(169) <0.0001 
BHAP -2.63(169) 0.0093 
HA -1.97(169) 0.050 
HAP -0.93(169) 0.36 
C -0.77(169) 0.44 
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Table 15 Summary of F and p values for two mixed linear model analyses comparing the 
effects of substrate type, fire (burned), and herbicide/seed treatment (HAP) on invasive 






Effect F Value(DF) p Value F Value(DF) p Value 
Substrate 0.00(2.35) 0.97 0.15(1.66) 0.75 
Burned 2.81(2.35) 0.22 0.00(1.66) 0.95 
Substrate*Burned 0.12(2.35) 0.76 3.13(1.66) 0.24 
HAP 49.36(70) <0.0001 10.97(70.7) <0.0001 
Substrate*HAP 1.03(70) 0.36 0.76(70.7) 0.47 
Burned*HAP 2.08(70) 0.13 0.42(70.7) 0.66 




Table 16 Summary of F and p values from two mixed model analyses that compared the 
effects of substrate type, herbicide, and seed dispersal after fire on invasive and native 






Effect F Value(DF) p Value F Value(DF) p Value 
Substrate 0.55(2.84) 0.52 4.22(28) 0.049 
Herbicide 75.68(25.6) <0.0001 6.14(28) 0.020 
Substrate*Herbicide 0.06(25.6) 0.82 0.13(28) 0.73 
Seed 0.03(25.6) 0.86 1.21(28) 0.28 
Substrate*Seed 2.11(25.6) 0.16 0.15(28) 0.70 
Herbicide*Seed 4.56(26.5) 0.042 0.66(28) 0.42 
Substrate*Herbicide*Seed 1.64(26.5) 0.21 0.78(28) 0.38 
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Table 17 Summary of F and p values from two mixed linear model analyses to determine 
if treatment or substrate type influenced invasive and native species percent cover. 
Significant values are indicated in bold. 






Effect F Value p Value F Value p Value 
Substrate 0.19(2.04) 0.70 0.18(2.23) 0.71 
Treatment 13.86(23.3) <0.0001 1.31(23.1) 0.29 






Table 18 Summary of t and p values from Tukey post-hoc analysis of two mixed linear 
models comparing the effect of treatments on native and invasive species percent cover. 
B=Burn, BA=Burn/Annual Seed, BAP=Burn/Annual and Perennial Seed, 
BHA=Burn/Herbicide/ Annual Seed, BHAP= Burn/Herbicide/Annual and Perennial 
Seed, HA=Herbicide/Annual Seed, HAP= Herbicide/Annual and Perennial Seed, 






Treatment Treatment t ValueDF p Value t ValueDF p Value 
B BA 0.2884.8 0.78 0.1585.7 0.88 
B BHA 4.6885.1 <0.0001 1.885.8 0.076 
B BHAP 4.8683.9 <0.0001 1.1285 0.27 
B BAP -0.3285.4 0.75 1.582.5 0.14 
B HA 5.057.02 0.0015 1.113.4 0.29 
B HAP 4.847.02 0.0019 2.5413.4 0.024 
B C 0.472.82 0.67 1.773.72 0.16 
BA C 0.146.85 0.90 1.1413 0.27 
BAP C 0.665.11 0.54 -0.038.55 0.97 
BHA C -3.455.16 0.017 -0.319.13 0.76 
BHAP C -3.726.8 0.0078 0.212.6 0.84 
HA C 5.6782.2 <0.0001 -0.1882.8 0.86 
HAP C 5.4282.2 <0.0001 1.3582.8 0.18 
BA BHA 3.4583.1 0.0009 1.2884 0.20 
BA BHAP 3.7284.2 0.0004 0.7985.5 0.43 
BA BAP -0.4985.2 0.62 1.0586 0.30 
BA HA 4.1412.6 0.0012 0.825.9 0.43 
BA HAP 3.9612.6 0.0017 1.9925.9 0.058 
BHA BHAP 0.5485.2 0.59 -0.4386 0.66 
BHA BAP -4.2583.9 <0.0001 -0.2585 0.81 
BHA HA 1.3610.4 0.20 -0.3921.4 0.70 
BHA HAP 1.1710.4 0.27 0.8721.4 0.39 
BHAP BAP -4.4386 <0.0001 0.2185.3 0.84 
BHAP HA 0.8412.5 0.42 0.0325.2 0.98 
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BHAP HAP 0.6612.5 0.52 1.2225.2 0.24 
BAP HA 4.7810.2 0.0007 -0.1720.1 0.86 
BAP HAP 4.5910.2 0.0009 1.0920.1 0.29 




Table 19 Summary of F and p values for two mixed linear model analyses comparing the 
effects of substrate type, fire (burned), herbicide/seed treatment (HAP), and the 
interaction of burning, herbicide, and seed addition on invasive and native species percent 




Native Species Percent 
Cover 
Effect F Value(DF) p Value F Value(DF) p Value 
Substrate 0.08(1.79) 0.81 2.05(2.18) 0.28 
Burned 1.32(1.79) 0.38 0.85(2.18) 0.45 
Substrate*Burned 0.46(1.79) 0.57 0.04(2.18) 0.85 
HAP 38.92(70.4) <0.0001 1.68(70.7) 0.19 
Substrate*HAP 1.11(70.4) 0.34 1.88(70.7) 0.16 
Burned*HAP 0.51(70.4) 0.60 1.01(70.7) 0.37 




Table 20 Summary of F and p values from two mixed model analyses that compared the 
effects of substrate type, herbicide, and seed dispersal after fire on invasive and native 






Effect F Value(DF) p Value F Value(DF) p Value 
Substrate 0.63(2.56) 0.49 0.04(28) 0.84 
Herbicide 57.25(25.7) <0.0001 0.49(28) 0.49 
Substrate*Herbicide 0.01(25.7) 0.92 7.03(28) 0.013 
Seed 0.01(25.8) 0.92 0.13(28) 0.72 
Substrate*Seed 0.79(25.8) 0.38 0.29(28) 0.60 
Herbicide*Seed 1.2(27) 0.28 0.77(28) 0.39 





Table 21 Summary of t and p-values from Tukey post-hoc analysis of a mixed linear 
model to determine if post burn treatments (herbicide and native annual and native 
perennial seed) affected native species percent cover differently than invasive species 
percent cover. Significant values are indicated in bold. B=Burn, BHA=Burn/Herbicide/ 
Annual Seed, BHAP= Burn/Herbicide/Annual and Perennial Seed, 
HA=Herbicide/Annual Seed, HAP= Herbicide/Annual and Perennial Seed, C=Control. 
Significant values are indicated in bold. 
Treatment t Value (DF) P Value 
B -1.04(141) 0. 11 
BHA -3.47(141) 0.0007 
BHAP -3.94(141) 0.0001 
HA -4.51(141) <0.0001 
HAP -3.29(141) 0.0013 
C -0.17(141) 0.87 
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Table 22 Summary of F and p values from two mixed linear model analyses, which 
examined the effects of substrate type and treatment on the success of annual seed 
addition. Significant values are indicated in bold. 






Effect F Value(DF) Pr > F F Value(DF) Pr > F 
Substrate 0.28(87) 0.60 0.82(2.8) 0.44 
Treatment 1.97(87) 0.068 1.44(21.2) 0.24 






Table 23 Summary of t and p-values from Tukey post-hoc analysis of two mixed linear 
model to determine how each treatment changed the percent cover of M. gracilis and C. 
pulchella compared to the control. Significant values are indicated in bold. 
BA=Burn/Annual Seed, BAP=Burn/Annual and Perennial Seed, BHA=Burn/Herbicide/ 
Annual Seed, BHAP= Burn/Herbicide/Annual and Perennial Seed, 
HA=Herbicide/Annual Seed, HAP= Herbicide/Annual and Perennial Seed. Significant 
values are indicated in bold. 
 Madia gracilis 
 Percent Cover 
Clarkia pulchella 
 Percent Cover 
Treatment t Value (DF) p Value t Value (DF) p Value 
BA 2.56 (87) 0.012 -0.39 (5.22) 0.71 
BAP 2.02 (87) 0.046 -0.17 (4.49) 0.87 
BHA 1.01 (87) 0.31 -0.72 (4.44) 0.51 
BHAP 0.77 (87) 0.44 -0.93 (4.74) 0.40 
HA 0.62(87) 0.54 1.06(84) 0.29 









Table 24 Summary of F and p values for two mixed linear model analyses comparing the 
effects of substrate type, fire (burned), herbicide/seed treatment (HAP), and the 
interaction of burning, herbicide, and seed addition on invasive and native species percent 
cover. Significant values are indicated in bold. 
 Type 3 Tests of Fixed Effects 
 
Madia gracilis Percent 
Cover 
Clarkia pulchella Percent 
Cover 
Effect F Value(DF) Pr > F F Value(DF) Pr > F 
Substrate 1.79(73) 0.19 0.41(2.52) 0.58 
Burn 4.62(73) 0.035 0.05(2.52) 0.85 
Substrate*Burn 0.69(73) 0.41 0.17(2.52) 0.72 
Herbicide/Seed (HAP) 0.35(73) 0.71 3.95(70.7) 0.024 
Substrate*HAP 0.11(73) 0.90 1.47(70.7) 0.24 
Burn*HAP 0.03(73) 0.97 0.24(70.7) 0.79 








Table 25 Summary of F and p values for two mixed linear model analyses comparing the 
effects of substrate type, herbicide and seed addition type on Madia gracilis and Clarkia 
pulchella percent cover in burned plots only from 2012 to 2013. Significant values are 
indicated in bold. 






Effect F Value(DF) Pr > F F Value(DF) Pr > F 
Substrate 0.24(2.58) 0.66 2.04(2.61) 0.26 
Herbicide 3.3(27.3) 0.080 2.58(26.6) 0.12 
Substrate*Herbicide 1.11(27.3) 0.30 0.02(26.6) 0.88 
Seed Addition 0.13(27) 0.72 0(26.3) 0.10 
Substrate*Seed 0.02(27) 0.89 3.31(26.3) 0.080 
Herbicide*Seed 0.24(28.8) 0.63 1.06(27.9) 0.31 
Substrate*Herbicide*Seed 0.63(28.8) 0.43 0.14(27.9) 0.71 
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Table 26 Summary of F and p values from a mixed linear model comparing the effect of 
year and P.f.-D7 rhizobacteria treatment on B. tectorum stem counts. Significant values 
indicated in bold. 
Type 3 Tests of Fixed Effects 
Effect F Value(DF) Pr > F 
Treatment 0.04(14.9) 0.85 
Year 17.38(25.4) <0.0001 







Table 27 Summary of F and p values from a mixed linear model analysis comparing 
effect of substrate type and time of soil collection on available nitrogen. Session indicates 
time of soil collection. Significant values are indicated in bold. 
Effect F Value P Value 
Session 1.02(56) 0.40 
Substrate 1.87(19) 0.19 
Ammonium VS Nitrite/Nitrate 
(N Form) 
15.32(19) 0.0009 
Session*Substrate 1.41(56) 0.24 
Substrate*N Form 0.01(19) 0.91 
Session*N Form 0.56(56) 0.69 















Table 28 Summary of t and p values for a Tukey post-hoc test of a mixed linear model 
comparing total nitrogen availability of each session (1=August 10, 2=August 20, 
3=September 13, 4=September 28, and 5=October 12). 
Session Session t Value p Value 
1 2 -1.46(56) 0.15 
1 3 -0.21(56) 0.84 
1 4 -0.85(56) 0.40 
1 5 -0.8(56) 0.43 
2 3 1.81(56) 0.075 
2 4 0.9(56) 0.37 
2 5 0.95(56) 0.35 
3 4 -0.93(56) 0.36 
3 5 -0.85(56) 0.40 






























The effects of fire, herbicide, and human trampling on semiarid biological soil crust 




Aggressive restoration tools (i.e. prescribed fire and herbicide) are increasingly being 
used to combat the spread of invasive winter annual grasses (IWAGs; i.e. Ventenata 
dubia), but it is not known how these tools affect semiarid biological soil crust (biocrust; 
includes moss, lichen, cyanobacteria, and algae). It is important to understand the impacts 
of these treatments on biocrust communities, as they can prevent IWAG establishment. 
At Turnbull National Wildlife Refuge (TNWR), areas with biocrust (often the basalt 
intermounds areas, previously described in chapter 1) were formerly relatively free of 
IWAGs but the impact by V. dubia is increasing, and it is not clear how the restoration 
approaches used for communities with deeper soil conditions will work in these sites. The 
goal of this study was to determine how semiarid biocrust, IWAGs, and native plant 
communities respond to fire, herbicide, and trampling in basalt intermound areas. In 
2012, 90 1 m
2
 plots were surveyed in June/July for vegetation and biocrust and were then 
treated with fire (October 18 and November 8), Outrider® herbicide (November 27-28), 
and trampling (December 3) in a multifactorial experimental design, with seven treatment 
combinations with ten replicates each (controls had 30). Plots were resurveyed June/July 
of 2013.  
From 2012 to 2013, V. dubia stem counts decreased by 60% in all treatments 
including control, which could be from low 2013 March rainfall, resulting in drought-like 
stress in the intermounds. Invasive species cover/richness and native species richness 
decreased in all treatments including the controls, but native cover increased, especially 
when herbicide was used, suggesting that not all native species were harmed by the 
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drought or herbicide. Treatment type also had no effect on biocrust morphology 
composition, but long-term monitoring is needed to ensure this is a common response and 







As invasive winter annual grass (IWAG) populations expand, they impact 
ecosystem function, native biodiversity, forage quality (D'Antonio and Vitousek 1992, 
Beckstead and Augspurger 2004) and biological soil crust (biocrust), which consists of 
moss, cyanobacteria, algae, and lichens (Eldridge 1993). Biocrust community 
composition is dependent on vascular plant presence (Ponzetti et al. 2007), disturbance, 
precipitation, temperature, and soil textures, pH, and chemistry (Root and McCune 2011). 
Intact biocrust communities stabilize the soil, prevent wind and water erosion, cycle 
nitrogen, carbon, and other nutrients, retain soil moisture, and prevent seedling 
establishment by creating a barrier between the seeds and soil (Prasse and Bornkamm 
2000, Bowker et al. 2006, Maestre et al. 2006, Ponzetti et al. 2007). These biocrust 
communities can cover extensive areas in semiarid and arid grasslands (Root and 
McCune 2011). Both habitats are common in western United States, with arid receiving 
less rainfall than semiarid (Schwinning et al. 2004), and although common in both 
habitats, more biocrust research has been completed in arid (Prasse and Bornkamm 2000, 
Belnap 2003, Ponzetti et al. 2007) than semiarid habitats (Johansen et al. 1993, O’Bryan 
et al. 2009).  
In semiarid sagebrush steppe, biocrust is commonly found growing between 
native bunchgrass individuals (Ponzetti et al. 2007, Root and McCune 2011). When 
undisturbed the community is primarily lichens (Clair et al. 1993), with higher moss 
cover near vascular plants (Clair et al. 1993, Maestre et al. 2011). The early successional 
cyanobacteria and algae species colonize bare soil after a disturbance (Belnap and 
Eldridge 2001, Maestre et al. 2011). Depending on environmental factors, regrowth of 
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mosses and lichens can take decades, if not longer (Maestre et al. 2006, Lass and Prather 
2007). An intact biocrust barrier is essential for reducing IWAG establishment, as 80-
90% of the seed bank can be in the litter and top 2 cm of soil in arid regions (Boudell et 
al. 2002). Boudell et al. (2002) found that 60% of all seeds trapped above intact biocrust 
were Bromus tectorum (downy brome), despite not being a dominant species above 
ground, while the majority of seeds under the crust were perennials. Disturbances to the 
biocrust or crevices caused by drying can facilitate IWAG establishment (Boudell et al. 
2002) and with the higher nutrient and water availability provided by the previously 
intact biocrust (Harper and Pendleton 1993, Zaady et al. 2004, Maestre et al. 2005, 
Godínez-Alvarez et al. 2011, Maestre et al. 2011) IWAG individuals will do well 
(Boudell et al. 2002, Godínez-Alvarez et al. 2011). 
In arid regions, biocrust can be extremely sensitive to disturbance, so as IWAG 
cover increases in biocrust patches, they can transition from minimally to severely 
impacted due to altered soil water (White et al. 2006), nitrogen availability (James 
2008a), shade, litter cover (Ponzetti et al. 2007), fire frequency and fire intensity (Kerns 
et al. 2006). All of these can significantly alter microhabitats and thereby biocrust 
community composition (Root and McCune 2011). The threat of IWAG species, 
including B. tectorum (downy brome), Taeniatherum caput-medusae (medusahead), and 
Ventenata dubia (ventenata), and others to western prairies has caused them to become 
the target of countless restoration projects (Kennedy et al. 2001, Frost and Launchbaugh 
2003, Cox and Anderson 2004, Keeley 2006, DiTomaso et al. 2009, Nyamai et al. 2011), 
however it is unclear how semiarid biocrust communities respond to IWAGs and IWAG 
removal techniques.  
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Prescribed fire is a commonly used tool to reduce IWAG cover in habitats with 
fire-adapted vegetation, but fire management can have a range of effects on vascular 
plant and biocrust communities. Evidence from arid habitats suggests that the absence of 
fire can increase biocrust diversity if vascular plant cover remains low (Evans and Belnap 
1999), while with high fire frequency and intensity, biocrust recolonization can take 
decades which often results in lower biocrust diversity in arid regions (Belnap and 
Eldridge 2001). In contrast, in semiarid areas with higher rainfall, biocrust abundance can 
significantly increase post fire (Johansen et al. 1993, O’Bryan et al. 2009). Similar to fire, 
herbicides are commonly used to reduce IWAG cover (Young et al. 1987, Monaco and 
Creech 2004, Huddleston and Young 2005, Simmons et al. 2007); and some can have 
minimal impact on desired native species if used properly (Stevens, 2010, Monaco and 
Creech 2004). However, there has been very little research on biocrust community 
response to herbicide; what there is suggests herbicide reduces biocrust cover and 
richness (Zaady et al. 2004, Maestre et al. 2011). It is disconcerting that there is so little 
research on how semiarid biocrust communities respond the two most common IWAG 
controls (prescribed fires and herbicide; Pollak and Kan 1998, Brown et al. 2008, 
Mittelhauser et al. 2011, Nyamai et al. 2011).  
Other common biocrust disturbances include trampling by large animals and 
vehicles (Prasse and Bornkamm 2000, Lass and Prather 2007, Chamizo et al. 2011, Root 
et al. 2011), especially when the biocrust is dry or frozen (Belnap and Eldridge 2001, 
Rosentreter et al. 2001). Grazing at low intensity and frequency generally has minimal 
impact on biocrust communities as only compression force is applied. However, if 
livestock grazing is intense, biocrust diversity decreases (Belnap and Eldridge 2001, 
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Martínez et al. 2006) as patches are killed by being covered or pulled up (Belnap and 
Eldridge 2001, Ponzetti et al. 2007). In contrast to animal trampling, any form of vehicle 
disturbance can devastate all biocrust that is driven over. The tires apply compression and 
shear force, creating bare soil, (Belnap and Eldridge 2001), seed traps, and channels for 
water (Prasse and Bornkamm 2000), effectively providing ideal establishment conditions 
for IWAG individuals that may not have been able to get through the once intact biocrust. 
An example of a semiarid region where biocrust and IWAGs are common is the 
Channeled Scablands of eastern Washington. This unique geological feature was formed 
by intense flooding from glacial Lake Missoula about 20,000 years ago (Bretz 1928). The 
flooding created four main tracts, the greatest of which is the Cheney-Palouse River tract, 
about 20 miles southwest of Spokane, Washington. The tract is 75 miles long and about 
20 miles wide (Bretz 1928). Within the sagebrush steppe of the Cheney-Palouse River 
tract lie Mima mounds (Berg 1990), which are aggregations of fine loess up to 2 m tall 
and 30 m in diameter, with soil depth of the mounds and intermounds strongly influenced 
by the substrate type (Del Moral and Deardorff 1976). In eastern Washington, Mima 
mound prairies are commonly underlain by basalt (Bretz 1928), with rocky, typically 
biocrust containing intermounds that often form ephemeral wetlands or vernal pools. 
Vernal pools which fill with precipitation and lose water through evaporation or 
evapotranspiration (Marty 2005), are formed when deeper soils (mounds) are surrounded 
by shallow soils (intermounds; Crowe et al. 1994). Inundation tolerance influences the 
species present in these areas and the wetter zones are dominated by water logged 
tolerant species, which have high internal root aeration (Mcdonald et al. 2001, Gerhardt 
and Collinge 2007).  
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 One species that seems to prefer vernal pool-like habitat is the IWAG, V. dubia 
(Scheinost, USDA), which, although not new to the Channeled Scablands (native to 
Mediterranean Europe and Africa), has recently become problematic (VanVleet, 2009). 
Similar to other IWAGs, V. dubia germinates in fall, grows roots in winter, and uses all 
available resources for shoot growth and seed production in spring and early summer. 
Once senesced, V. dubia provides no foraging or grazing benefits (Lass and Prather 
2007). V. dubia has a smaller root system than other IWAG species (James 2008b), 
suggesting that it may be more sensitive to low water availability than other IWAGs and 
perennial species with larger root systems (Volaire et al. 1998). Even though V. dubia has 
been noted in many articles as a problematic invasive (Gray and Lichthardt 2003, James 
2008a, Vasquez et al. 2008b), very little has been published on species phenology, 
morphology, and its effects on neighboring species.  
Objectives 
The goals of this study were to increase community resistance to IWAG invasion 
by restoring intermound native plant communities and to determine how semiarid 
biocrust responds to common prairie disturbances and restoration techniques at the Mima 
mound prairie at Turnbull National Wildlife Refuge (TNWR). I addressed these goals in 
an experiment in which I tested how invasive (V. dubia in particular) and native vascular 
plant species and biocrust respond to fire, herbicide, and human trampling. I predicted 
that fire and herbicide together would reduce invasive species cover the most, but native 
cover would increase with fire. I further predicted that the combination of all three 
disturbances would reduce biocrust cover the most. 
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Materials and Methods 
Study Site 
Turnbull National Wildlife Refuge (TNWR) is located about 5 miles south of 
Cheney, Washington and is about 7,372 hectares, encompassing several habitats 
including Mima mound prairie, ponderosa pine forest, wetlands, and riparian areas 
surrounded by rangeland and Palouse Prairie agricultural fields. The Mima mound prairie 
remnants are about 514 hectare (47.40N, -117.52W). The climate is semiarid with an 
average annual rainfall of 43 cm (17 in) and average annual temperature of 48° F. Our 
study site was in a 154 hectare portion of the Mima mound prairie located in the Stubble 
Field Tract and Public Use Area (Figure 7).  
Study Design 
Fire, herbicide, and trampling, were applied to the basalt intermound areas in a 
multi-factorial combination of seven treatments (including controls; Table 29), with ten 
replicates each, for an initial total of 70 plots. Some plots could not be relocated in 2013, 
with replicates ranging between 8 to 10 plots per treatment. Seven control transects were 
also established, with four plots per transect, for a total of 28 transect plots. Transects 
were located across a gradient from predominantly biocrust cover to predominantly V. 
dubia cover. No treatments were applied to any transect plot. All plots were established 
in 2012 and resurveyed in 2013; eleven plots (across all treatments) could not be 
relocated. Only one randomly selected plot per transect was used as a control for 
statistical analyses.   
 Low intensity fires were set by the TNWR fire crew in three areas to provide 
replication (Figure 8). Areas 1 and 2 (Figure 8) were burned on October 18, 2012, and 
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area 3 was burned on November 8, 2012. At the time of the first fires, weather conditions 
were favorable for a low intensity fire, but heavy rain delayed burning the final area for 
about two weeks. The ground was still not dry enough for a large-scale fire, but the 
weather window was small, so individual plots were burned to ensure similar intensity as 
the first fires. To prevent late IWAG establishment, Outrider herbicide was applied 
November 27 and 28, 2012 by backpack sprayer at 1 oz/acre. On December 3, 2012 plots 
were trampled on by myself for one minute; I began in one corner and stomped along the 
inside edge of the plot, continuing in parallel lines until the entire plot was covered. 
Vegetation Survey Details 
Plots were randomly surveyed over time across locations and treatments to avoid 
bias due to phenological changes in vascular plants. All 1 m
2
 plots were surveyed in June 
and July of 2012 and 2013 and the following information was recorded: vascular plant 
species and biocrust morphological composition and percent cover, IWAG stem count in 
0.04 m
2
 in the southeast corner of the plot, percent cover of litter, rock, and bare soil, and 
soil depth (at 2 corners of the plot).  
Biocrust morphology was split into two main categories: lichen and moss. Lichen 
morphology was divided into six structure categories including crutose, areolate, 
gelatinous, squamulose, foliose, and fruticose, and further categorized by color (white, 
light and dark green, red, black, light and dark brown, grey, orange, and yellow). Moss 
morphology was separated into two categories: tall and short (Rosentreter et al. 2007).  
Data analysis 
 To determine which combination of treatments had the most effect on V. dubia 
stem counts and percent cover, native and invasive percent cover and richness, and cover 
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of litter, short moss, tall moss, and squamulose white. I used 10 mixed linear model 
analyses (one per dependent variable; PROC MIXED; SAS 9.3 software). Mixed linear 
models were used because I had both random (transect nested within burn areas) and 
fixed (treatment) variables. All treatments were included in these analyses: burn (B; n=9), 
burn/herbicide (BH; n=9), burn/herbicide/trample (BHT; n=8), herbicide/trample (HT; 
n=10), herbicide (H; n=9), trample (T; n=9), and control (C; n=12). For these analyses, 
one representative plot from each control transect was randomly chosen and added to the 
control group.  
To analyze the interaction between fire and herbicide/trampling (when applied 
together) on V. dubia stem counts and percent cover, native and invasive percent cover 
and richness, and cover of short moss, tall moss, and squamulose white lichen, I used 
nine mixed linear model analyses (one per dependent variable; PROC MIXED; SAS 9.3 
software). I used mixed linear models because I had both random (transect nested within 
burn areas) and fixed (treatment) variables. The following treatments were included; B, 
BHT, HT, and C. For these analyses, one representative plot from each control transect 
was randomly chosen and added to the control group. 
I then compared the effects of burning alone to burning and herbicide together on 
V. dubia stem counts and percent cover, native and invasive percent cover and richness, 
and short moss, tall moss, and squamulose white using nine mixed linear model analyses 
(one per dependent variable; PROC MIXED; SAS 9.3 software). I again used mixed 
linear models because I had both random (transect nested within burn areas) and fixed 
(treatment) variables. Only B and BH treatments were analyzed. 
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All data were tested for normality and homoscedasticity and transformed as 
necessary using Box-Cox transformations.  
I assessed changes in biocrust morphology composition after treatment and how 
biocrust composition related to soil depth and percent cover of litter, rock, bare soil, total 
biocrust, total lichen, total moss, and V. dubia, using nonmetric multidimensional scaling 
(NMS) ordination with PC-Ord software (MjM Software Design 2006). For the NMS 
ordination, I used a Relative Sorensen distance measurement, Varimax rotation with 50 
runs on the real data, 15 iterations to evaluate stability, a stability criteria of 0.00001, an 
initial step length of 0.2, and a maximum of 250 iterations.  
From the NMS ordination, a distance matrix was created, where Relative 
Sorensen similarity rate of change values were assigned to each plot. These values 
indicate how much biocrust morphology has changed in each plot from 2012 to 2013. 
With the Relative Sorenson values I determined the average similarity in biocrust 
community composition for each treatment. I then compared the effect of treatment on 
the change in biocrust community composition with a mixed linear model analysis 
(PROC MIXED; SAS 9.3 software).  
Results 
Effects of Burning, Herbicide, and Trampling on Basalt Intermound Plant Communities 
In 2012, V. dubia made up 95.2% of all IWAG cover (all other IWAG species 
found had under 1.0% cover) in the basalt intermounds and averaged 66.7% cover per 
plot, but in 2013 V. dubia’s cover decreased to 8.6% per plot despite all other IWAG 
species cover remaining under 1.0%. On the intermounds, V. dubia stem counts and 
percent cover where not affected by treatment type (Table 30; Figures 19 and 20 
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respectively), however, all fire treatments reduced litter cover (p=0.0004, F=4.88; Table 
31; Figure 20). V. dubia change in stem counts and percent cover were Box-Cox 
transformed with a final lambda of 1.5 and 0.5 respectively, however litter cover was not 
normally distributed and normality was not improved by transformation.  V. dubia stem 
counts were not influenced by an interaction between burning and herbicide/trampling 
(together), however herbicide/trample, irrespective of burning, reduced V. dubia stem 
counts (Table 32; Figure 19) but not cover (Table 32; Figure 20). V. dubia percent cover 
was Box-Cox transformed with a final lambda of 0.5. In burn plots, herbicide and fire had 
similar effects as burning alone on V. dubia stem counts and cover (Table 33). 
All treatments had similar effects on invasive and native species richness (Table 
34; Figure 21), but native cover decreased more in burn/herbicide plots than 
herbicide/trample plots (Tables 34 and 35; Figure 21). Invasive species richness was 
Box-Cox transformed with a final lambda of 1.25. Native species richness was not 
normally distributed but transformations did not achieve or improve normality. The 
interaction between burning and herbicide/trampling did not affect invasive or native 
species richness (Table 36; Figure 21). Burning and herbicide had similar effects on 
invasive and native species richness as burning alone (Table 37; Figure 21). 
From 2012 to 2013, invasive species cover decreased from 73% per plot to 19%, 
in all treatments including the control (Figure 22); all treatments had similar affects on 
invasive species cover (Tables 38 and 39). Native species cover increased from 9.1% per 
plot in 2012 to 21.6% per plot in 2013, in all treatments including the controls. The three 
most common native species in 2013 were present in over 82% of plots surveyed and all 
increased their cover over the year, including Polygonum douglasii (Douglas’ knotweed; 
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increased from 1.87% to 4.18% per 1 m
2
), Poa secunda (Sandberg’s bluegrass; increased 
from 2.31% to 5.88% per 1 m
2
), and Epilobium brachycarpum (tall annual willowherb; 
increased from 1.21% to 5.16% per m
2
). Native species percent cover increased in in all 
treatments, particularly those with herbicide applications (Tables 38 and 39; Figure 22). 
The interaction between burning and herbicide/trampling did not affect invasive or native 
species percent cover (Table 40; Figure 22), but herbicide and trampling, irrespective of 
burning, increased native cover (Tables 40 and 41; Figure 22). Burning alone had similar 
effects as burning and herbicide on invasive and native cover (Table 42; Figure 22). 
 
Effect of Burning, Herbicide, and Trampling on Biocrust Community Composition 
 Biocrust morphology composition shares a strong relationship with litter (axis 1 
r
2
=0.347) and rock cover (axis 1 r
2
=0.334; Figure 36), however V. dubia cover, bare soil 
cover and soil depth do not strongly relate to biocrust morphology composition. Tall 
moss is the dominant morphology type in plots in the top left corner, which shares a 
strong relationship with litter cover (axis 1 r=-0.659, axis 2 r=0.688; Figure 36). The 
plots in the center of the ordination tend to have more short moss cover, which shares a 
strong relationship with rock cover (axis1 r=0.247; Figure 36), while plots on the right 
tend to be squamulose lichen dominated (axis 2 r=0.869; Figure 36). When comparing 
treatment type to the change in biocrust community composition there no noticeable trend 
(Figure 37). Biocrust composition changed the least in control plots and the most with 
trampling (Figure 38), but there was no significant difference between treatments (alpha 
= 0.05, Table 43). Short moss, tall moss, and squamulose lichen cover were affected 
similarly by treatments (Table 44). Short moss and squamulose lichen percent cover were 
normally distributed and normality could not be achieved, but tall moss cover was Box-
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Cox transformed with a final lambda of 0.75. The three dominate biocrust morphology 
types (short moss, tall moss, and squamulose white) were not affected by an interaction 
between burning and herbicide/trampling (when applied together; Table 45). Tall moss 
cover was normally distributed but normality of short moss and squamulose lichen cover 
were not achieved with transformation. Burning alone had the same affect on all 
morphology types as burning with herbicide (Table 46). Short moss, tall moss, and 




In March 2012, there was 113.6 mm of precipitation (the highest March 
precipitation in the last six year), however in 2013 there was only 24.8 mm (Figure 39). 
March air temperature in 2012 was 3.4C compared to 3.7C in 2013 (Figure 40), which 
may have influenced these study results. 
Discussion 
Biocrust research is fairly limited in comparison to the vascular plant 
communities they are often associated with, but as IWAGs spread throughout the arid and 
semiarid west, more aggressive restoration tools (i.e. fire and herbicide) will be required. 
While others have documented the interactions between biocrust, IWAGs, and native 
species (Ponzetti et al. 2007), as well as how to increase native cover with IWAG 
removal techniques (DiTomaso et al. 1997, Simmons et al. 2007, Nyamai et al. 2011), 
few have looked at how the biocrust responds to these tools (Belnap et al. 2001, Root et 
al. 2011, O’Bryan et al. 2009), especially herbicide. The loss of biocrust to IWAGs, and 
most likely IWAG removal techniques in arid habitats, may result in an alternate climax 
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species composition, which may not be as resistant to invasion, requiring more active 
restoration management. The goal of my project was to increase community resistance to 
invasion by understanding how biocrust relates to vascular plants, removing IWAGs, 
increasing native cover, and determining how semiarid biocrust will respond to common 
restoration techniques.   
The relationship between vascular plants and the three main biocrust communities 
found (tall moss, short moss, and squamulose lichen), appear to be consistent with what 
others have described; moss species have higher cover closer to high litter and vegetation 
cover (Clair et al. 1993, Maestre et al. 2011), while lichens are more prominent in open 
areas (Clair et al. 1993). However, if vegetation is too dense then moss and lichen cover 
will decrease (Eldridge 1993), which is problematic as IWAG species can form dense 
monotypic stands, eventually shading out biocrust species. IWAGs can also alter the soil 
biota (Belnap et al. 2005), nitrogen availability (Sperry et al. 2006), the fire cycle (Link et 
al. 2006), and presence of native species (James et al. 2011), all of which can adversely 
affect biocrust. Without biocrust, semiarid bunchgrass communities would lose a major 
piece that makes the community as a whole resistant to further invasion. The gap in V. 
dubia and biocrust literature has led to many questions, in particular why V. dubia’s 
population exploded in the prairie at TNWR (especially in intermound areas), as well as 
how semiarid biocrust would respond to this relatively new invader and to common 
IWAG removal techniques.  
V. dubia dominated the basalt intermounds in 2012, however by 2013 its cover 
decreased in all treatments including the controls, which may be due to early spring 
precipitation levels; while the March mean temperature was similar in 2012 and 2013, 
 106 
there was about a fifth more rain in 2012 than 2013 (www.NOAA.gov Updated Nov. 
2013). In 2012, the excessive rainfall may have triggered, or at least supported, the 
population explosion. Yet March 2013 had the lowest average rainfall in the last seven 
years, so the shallow soil’s inability to retain moisture may have increased drought stress 
on V. dubia seeds and seedlings attempting to establish, but there is no research 
indicating how this species would react to low spring precipitation. Other species adapted 
to vernal pools can cope with inundation stress (Gerhardt and Collinge 2007), but are 
more susceptible to drought (Volaire et al. 1998) and are generally not good competitors 
(Gerhardt and Collinge 2007). Though vernal pools tend to have high abiotic stress 
(Gerhardt and Collinge 2007), which generally lowers invasive cover (D'Antonio 1993, 
King and Grace 2000, Gerhardt and Collinge 2003), there is often low native cover, so an 
invasive species well adapted to inundation will thrive with the lack of competition 
(Gerhardt and Collinge 2007). This could be why V. dubia did so well in previous years 
and why native cover increased once competition with V. dubia decreased.  
 While most of the invasive species cover at in my study area at TNWR consisted 
of V. dubia (even in 2013), invasive cover and richness declined across the board, but 
were not affected differently by treatments, which could be due to the reduced 
precipitation. However, native cover increased in every treatment, including the control, 
suggesting there are native species that were not negatively affected by the lower spring 
precipitation, fire, herbicide, or trampling, and they were able to take advantage of the 
lack of invasive competition. The timing of my herbicide application targeted fall IWAG 
germination but the native species were not actively growing, and similar to what others 
have found, invasive cover decreased while native cover increased (Cox and Anderson 
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2004, Huddleston and Young 2005, Mittelhauser et al. 2011, Nyamai et al. 2011). 
However, invasive cover decreased in the controls as well, suggesting that the drought 
may have had more of an affect on invasive cover than treatment types. The timing of 
application and the growth stage of native species is extremely important, as native 
perennial seedlings are susceptible to herbicides (Monaco and Creech 2004), and cannot 
outcompete IWAG seedlings (James 2008a). So with the reduction of IWAGs and 
minimal herbicide exposure native species should be able to acquire more resources, 
increasing their size and competitive advantage over future IWAG generations. However, 
only a few studies have analyzed the effect of herbicide on biocrust communities and in 
these arid habitats biocrust cover was reduced (Zaady et al. 2004, Maestre et al. 2011), 
which is inconsistent with my findings. The herbicide treatments had similar effects on 
biocrust morphology composition as the controls, implying that either the herbicide I 
used specifically did not have an effect or it did but the higher rainfall and cooler winter 
temperatures (compared to arid regions) reduced abiotic stress, allowing biocrust to heal. 
 Similar to the effects of a well timed herbicide application, prescribed fires at low 
rates and intensities can increase native cover (Pollak and Kan 1998, Keeley et al. 2005), 
as I found at TNWR. Prescribed fires that occur when IWAGs are growing but natives 
are not (e.g. in fall), would reduce next season’s IWAG abundance and seed bank, litter 
cover, future wildfire risk and increase nutrient availability for native species (Collins et 
al. 2008). However, prescribed fires cannot be used often in the same areas, as native 
species in this region are not adapted to yearly fires, so a combination of tools should be 
used, with periodic prescribed fires that mimic the historic fire cycle (McIver and Starr 
2001, Keeley 2006, James et al. 2010).  In comparison, only a few studies have 
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determined the effect of fire on arid (Belnap et al. 2001, Root et al. 2011) and semiarid 
biocrust (Ponzetti et al. 2007, O’Bryan et al. 2009), but only those done in arid habitats 
found that fire reduced biocrust cover. In a higher rainfall arid habitat, the plow line was 
more destructive than the fire itself (Ponzetti et al. 2007), and biocrust cover increased 
after a fire in semiarid Australia, which is consistent with my findings (O’Bryan et al. 
2009). My control plots had the least amount of change but as there was no difference 
between any treatments, implying that the semiarid biocrust community at TNWR may 
not be as susceptible to disturbance as arid biocrust communities. It is important to note 
that there has not been a fire in this area of the prairie in over twenty years, and excessive 
fires may increase stress on the remaining biocrust species, resulting in decreased cover.  
Also, the extreme dry conditions may have swamped out treatment effects that could 
have occurred in more typical years. 
 Although, at a relatively smaller scale than fire and herbicide, livestock grazing 
can have a wide variety of effects on vascular plants and biocrust communities. If grazing 
is left unattended then native perennial species abundance decreases and invasive cover 
increases (DiTomaso 2000), but if prescribed grazing is applied, then target invasives can 
be reduced while preserving the native species (Frost and Launchbaugh 2003). However, 
grazing can also have detrimental effects on biocrust (Bowker et al. 2006, Chamizo et al. 
2011), especially if heavy grazing occurs when the biocrust is dry or frozen (Clair et al. 
1993, Belnap and Eldridge 2001). Grazers hooves can pull up or bury the biocrust, but if 
crushed and not moved then the biocrust can still function as a seed barrier (Belnap and 
Eldridge 2001). My trampling disturbance analyzed the effects of compression on the 
biocrust community, which were relatively un-phased by human trampling. However, 
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trampling by humans (which are smaller in size) may not be directly comparable to 
livestock trampling studies, as livestock are much heavier. However I can conclude that 
the moist biocrust was not affected by human foot traffic in this short-term study. A long-
term analysis is needed to evaluate long-term effects of these treatments. 
 Overall, native species percent cover increased in all treatments, the biocrust 
community was not significantly affected by any treatment, and invasive cover was 
reduced, though this may be due to reduced precipitation. Herbicide alone had little effect 
on the biocrust morphology composition and increased native cover, however to remove 
the extensive V. dubia litter layer, which is promoting IWAG establishment and 
hindering biocrust and native seedling growth, I recommend that prescribed fires be used. 
After a fire, herbicide can be used to control dense IWAG stands as they establish in fall. 
This restoration plan, in conjunction with my recommendations for mounds (Chapter 2), 
should promote native vascular growth and preserve biocrust cover, thereby increasing 
community resistance as a whole, to future invasion. However, my findings represent 
only the first year following treatment, and the community will undoubtedly change over 
the long-term (Rinella et al. 2012, Rinella et al. 2009, Morris et al. 2009, Wilson and 
Pinno et al. 2013). More monitoring should be completed to determine long-term effects 




Figure 19 Mean change in V. dubia stem counts after treatment from 2012 to 2013. 
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Figure 20 Mean change in V. duia percent cover and litter cover after treatment from 











































Figure 21 The mean change in native and invasive species richness after each treatment 





























































































































Figure 22 Mean change in native and invasive species percent cover after each treatment 




































































































































Figure 23 NMS, joint plot Ordination of the 2012 and 2013 biocrust communities. Each 
triangle represents an individual plot; distance between triangles represents similarity of 
species composition among plots. The ordination axes were correlated to 2012 and 2013 
soil depth, and percent cover of litter, bare soil, rock, total biocrust, and ventenata. Those 
with Pearson correlations greater than 0.2 are shown as vectors; the length of the vector 
lines indicates the strength of the correlation. Plots are grouped by treated or control and 
year surveyed. Plots dominated by tall moss are within the red circle, short moss within 







 Tall Moss 
 Short Moss 
 SQ Lichen 
 115 
 
Figure 24 NMS ordination of the 2012 and 2013 biocrust communities. Black vectors 
indicate the change community composition from 2012 to 2013. Plots are grouped by 






Figure 25 Mean Sorenson similarity of biocrust morphology composition per 1 m
2
 after 





































Figure 26 Total monthly precipitation (mm) from 2007 to 2013 at the NOAA Spokane 



















































Figure 27 Mean monthly air temperature (C) from 2007 to 2013 at the NOAA Spokane 



























































Table 29 The basalt intermound treatment combinations of burning, herbicide, and 
trampling.  
Treatments Burn Herbicide Trampling 
1 X   
2 X X  
3  X  
4  X X 
5   X 
6 X X X 




































Table 30 Summary of F and p values from two mixed linear model analyses comparing 
ventenata stem counts changes and percent cover changes with treatment. Significant 
values indicated in bold. 






Effect F Value(DF) Pr > F F Value(DF) Pr > F 





































Table 31 Summary of t and p values from Tukey post-hoc tests for a mixed linear model, 
comparing the effect of treatment on the change in litter cover from 2012 to 2013. 
Significant values indicated in bold. 
 
Type 3 Tests of Fixed Effects 
Litter cover 
Treatment Treatment t Value(DF) Pr > |t| 
B BH 0.05(56) 0.96 
B C -2.31(56) 0.024 
B H -2.03(56) 0.047 
B T -1.99(56) 0.052 
B TBH 1.82(56) 0.074 
B TH -2.46(56) 0.017 
BH C -2.28(56) 0.026 
BH H -2.02(56) 0.048 
BH T -1.98(56) 0.053 
BH TBH 1.73(56) 0.090 
BH TH -2.43(56) 0.018 
C H 0.14(56) 0.89 
C T 0.12(56) 0.91 
C TBH 4.07(56) 0.0001 
C TH -0.26(56) 0.80 
H T -0.02(56) 0.99 
H TBH 3.72(56) 0.0005 
H TH -0.37(56) 0.71 
T TBH 3.64(56) 0.0006 
T TH -0.34(56) 0.73 













Table 32 Summary of F and p values from two mixed linear model analyses comparing 
ventenata stem counts changes and percent cover changes with post fire treatments. 
Significant values indicated in bold. 









Pr > F 
F 
Value(DF) 
Pr > F 
Burn 3.32(35) 0.077 0.27(35) 0.61 
Herbicide/Trample 4.21(35) 0.048 0.42(35) 0.52 


























Table 33 Summary of F and p values from two mixed linear model analyses comparing 
ventenata stem counts changes and percent cover changes with herbicide applied after 
fire. Significant values indicated in bold. 






Effect F Value(DF) Pr > F F Value(DF) Pr > F 



























Table 34 Summary of F and p values from two mixed linear model analyses comparing 
the change in native and invasive species richness with treatment. Significant values 
indicated in bold. 






Effect F Value(DF) Pr > F F Value(DF) Pr > F 



























Table 35 Summary of t and p values from Tukey post-hoc tests for two mixed linear 
model analyses comparing the change in native and invasive richness per 1 m
2
 after 






Treatment Treatment t Value(DF) Pr > |t| t Value(DF) Pr > |t| 
B BH 1.03(59) 0.31 0.80(59) 0.43 
B C 1.51(59) 0.14 0.16(59) 0.87 
B H -0.20(59) 0.84 0.50(59) 0.62 
B T 0.11(59) 0.92 -0.50(59) 0.62 
B TBH -0.33(59) 0.74 0.40(59) 0.69 
B TH 0.26(59) 0.80 -1.17(59) 0.25 
BH C 0.41(59) 0.69 -0.70(59) 0.49 
BH H -1.23(59) 0.22 -0.30(59) 0.76 
BH T -0.93(59) 0.36 -1.30(59) 0.20 
BH TBH -1.33(59) 0.19 -0.38(59) 0.71 
BH TH -0.80(59) 0.43 -2.00(59) 0.050 
C H -1.72(59) 0.090 0.38(59) 0.71 
C T -1.39(59) 0.17 -0.70(59) 0.49 
C TBH -1.81(59) 0.076 0.27(59) 0.79 
C TH -1.28(59) 0.21 -1.42(59) 0.16 
H T 0.31(59) 0.76 -1.00(59) 0.32 
H TBH -0.14(59) 0.89 -0.09(59) 0.93 
H TH 0.46(59) 0.65 -1.69(59) 0.097 
T TBH -0.43(59) 0.67 0.89(59) 0.38 
T TH 0.15(59) 0.88 -0.66(59) 0.51 













Table 36 Summary of F and p values from two mixed linear model analyses comparing 
the change in native and invasive species richness with fire and post fire treatments. 
Significant values indicated in bold. 






Effect F Value(DF) Pr > F F Value(DF) Pr > F 
Burn 1.86(35) 0.18 1.16(35) 0.29 
Herbicide/Trample 1.06(35) 0.31 0.45(35) 0.51 


























Table 37 Summary of F and p values from two mixed linear model analyses comparing 
the change in native and invasive species richness with herbicide applied after fire. 
Significant values indicated in bold. 






Effect F Value(DF) Pr > F F Value(DF) Pr > F 




























Table 38 Summary of F and p values from two mixed linear model analyses comparing 
the change in native and invasive species percent cover with treatment. Significant values 
indicated in bold. 






Effect F Value(DF) Pr > F F Value(DF) Pr > F 



























Table 39 Summary of t and p values from Tukey post-hoc tests for two mixed linear 
model analyses comparing the change in native and invasive percent cover per 1 m
2
 after 






Treatment Treatment t Value(DF) Pr > |t| t Value Pr > |t| 
B BH 0.83(59) 0.41 -2.51(59) 0.015 
B C 0.52(59) 0.61 -0.59(59) 0.56 
B H 1.41(59) 0.16 -2.34(59) 0.023 
B T 0.02(59) 0.98 -1.38(59) 0.17 
B TBH 0.95(59) 0.35 -2.55(59) 0.014 
B TH 1.72(59) 0.090 -3.20(59) 0.0022 
BH C -0.38(59) 0.71 2.10(59) 0.040 
BH H 0.58(59) 0.56 0.18(59) 0.86 
BH T -0.81(59) 0.42 1.14(59) 0.26 
BH TBH 0.14(59) 0.89 -0.11(59) 0.92 
BH TH 0.87(59) 0.39 -0.62(59) 0.54 
C H 1.00(59) 0.32 -1.91(59) 0.061 
C T -0.49(59) 0.63 -0.88(59) 0.38 
C TBH 0.51(59) 0.61 -2.14(59) 0.036 
C TH 1.32(59) 0.19 -2.82(59) 0.0065 
H T -1.39(59) 0.17 0.96(59) 0.34 
H TBH -0.43(59) 0.67 -0.28(59) 0.78 
H TH 0.27(59) 0.79 -0.80(59) 0.43 
T TBH 0.92(59) 0.36 -1.21(59) 0.23 
T TH 1.70(59) 0.095 -1.79(59) 0.079 













Table 40 Summary of F and p values from two mixed linear model analyses comparing 
the change in native and invasive species percent cover with fire and post fire treatments. 
Significant values indicated in bold. 






Effect F Value(DF) Pr > F F Value(DF) Pr > F 
Burn 1.07(35) 0.31 0.58(35) 0.45 
Herbicide/Trample 3.59(35) 0.067 14.27(35) 0.0006 


























Table 41 Summary of F and p values from a mixed linear model analysis comparing the 
change in native species percent cover with fire and post fire treatments. Significant 




Treatment Treatment t Value(DF) Pr > |t| 
C HT -2.82(35) 0.0078 
C B 0.59(35) 0.56 
C BHT -2.14(35) 0.039 
HT B 3.20(35) 0.0029 
HT BHT 0.49(35) 0.63 
























Table 42 Summary of F and p values from two mixed linear model analyses comparing 
the change in native and invasive species percent cover with herbicide applied after fire. 
Significant values indicated in bold. 






Effect F Value(DF) Pr > F F Value(DF) Pr > F 





























Table 43 F and p values of a mixed linear model analysis the effect of treatment on 
Relative Sorenson distance matrix values, which were created by a nonmetric 
multidimensional scaling ordination. The values indicate how much biocrust morphology 
composition changes in each plot from 2012 to 2013.  
Type 3 Tests of Fixed Effects 
Effect F Value(DF) Pr > F 







































Table 44 Summary of F and p values from three mixed linear model analyses comparing 
the changes of short moss, tall moss, and squamulose lichen cover with treatment. 
Significant values indicated in bold. 
Type 3 Tests of Fixed Effects 
 
Short Moss Tall Moss Squamulose Lichen 
Effect F Value(DF) Pr > F F Value(DF) Pr > F F Value(DF) Pr > F 




















Table 45 Summary of F and p values from two mixed linear model analyses comparing 
the changes of short moss, tall moss, and squamulose lichen cover with post fire 
treatments. Significant values indicated in bold. 
Type 3 Tests of Fixed Effects 
 Short Moss Tall Moss Squamulose Lichen 
Effect F Value(DF) Pr > F F Value(DF) Pr > F F Value(DF) Pr > F 
Burn 0.27(35) 0.61 0.4(35) 0.53 0.01(35) 0.94 
Herbicide/Trample 
(HT) 
0.44(35) 0.51 0.27(35) 0.60 0.04(35) 0.84 

























Table 46 Summary of F and p values from two mixed linear model analyses comparing 
the changes of short moss, tall moss, and squamulose lichen cover with burning and 
burn/herbicide treatments. Significant values indicated in bold. 
 
Type 3 Tests of Fixed Effects 
 Short Moss Tall Moss Squamulose Lichen 
Effect F Value(DF) Pr > F F Value(DF) Pr > F F Value(DF) Pr > F 




Conclusions and Management Recommendations 
 The main findings of my study at Turnbull National Wildlife Refuge were that 1) 
Ventenata dubia increased 15-fold on mounds from 2009 to 2013, but in 2012 it was 
most abundant in the basalt intermounds, along with biological soil crust (biocrust), 2) 
herbicide was the only tool that reduced invasives, while fire increased natives, in 
particular the seeded annual Madia gracilis, and 3) on the basalt intermounds V. dubia 
abundance decreased about 60%, irrespective of treatment, native cover increased with 
herbicide, and biocrust was not affected by treatments. These results can be used to 
inform local land and refuge managers about the most effect ways to reduce invasive 
winter annual grasses (IWAGs), increase native cover, and promote a self-sustainable 
native plant community. 
 My long-term monitoring (Chapter 1) of IWAG abundance documented a 15-fold 
increase in V. dubia stem counts control mound plots, while all other IWAG species 
populations remained relatively constant. Despite the dramatic increase on mounds, V. 
dubia was most abundant on basalt intermounds, as was biocrust. However, biocrust 
diversity and lichen cover were highest in areas with the lowest V. dubia and litter cover. 
In contrast, moss was most abundant when V. dubia and litter cover were high. 
 I found that on mounds (Chapter 2) herbicide was the only restoration tool that 
effectively reduced IWAG stem count/cover and invasive richness/cover; prescribed 
burning had no effect relative to the control. Native richness responded similarly to 
invasive richness, but burning increased native cover, but this was similar to the controls. 
Of the seeded species, M. gracilis cover increased most with burning, even when burning 
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was followed by herbicide, but Clarkia pulchella and the seeded native perennials did not 
establish well in the first year. 
 On the basalt intermounds (Chapter 3), V. dubia cover decreased about 60%, 
irrespective of treatment, which could be due to low March 2013 rainfall. Similarly, 
invasive species richness/cover and native species richness decreased in all treatments, 
including the controls. However, native cover increased in all treatments, especially those 
with herbicide. The three species associated with this increase were Polygonum 
douglasii, Epilobium brachycarpum, and Poa secunda. I also found there were three 
main biocrust communities: Tall moss, which was associated with litter cover, 
squamulose lichen, which was associated with open areas, and short moss was the 
intermediate community. Herbicide, burning, and trampling did not significantly affect 
biocrust community composition or cover of tall moss, short moss or squamulose lichens 
relative to the control. 
 My findings can help land managers of similar habitat develop an integrated 
management plan that would remove invasives, promote native growth (through assisted 
succession), and increase community resistance to invasion. If prescribed burns mimic 
the natural fire regime and Outrider® herbicide is used within reason the biocrust may 
not be harmed. While these results are promising more research is needed to ensure these 
results in fact sustained over long time periods, and until then treatments should be used 
sparingly as overexposure could harm the biocrust community. Based on my findings, I 
suggest that TWNR and similar areas develop a prescribed burn schedule based on the 
historic fire regime, and only use herbicide in areas with dense IWAG growth. After 
these have been applied, I recommend dispersing seed of M. gracilis and other aggressive 
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native annual species, followed by native perennial species once the native annual 
abundance has increased. This plan should increase native cover, while reducing IWAG 
abundance, and maintaining biocrust, which promotes a self-sustaining system. 
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